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ABSTRACT 

An  experimental  program  is  in  progress  at  this  Laboratory 
to  measure  various  thermophysical  properties  of  sodium,  potas¬ 
sium,  and  cesium.  A  final  reporting  of  the  experimental  results 
for  sodium  (saturation  and  superheat  properties  of  the  vapor,  r’^n- 
sity  and  specific  heat  of  the  liquid)  is  presented  together  with  a 
thermodynamic  treatment  of  the  data.  Two  equations  of  state  are 
advanced,  one  virial  and  one  quasi-chemical;  and  additional  satura¬ 
tion  and  superheat  properties  of  the  vapor  are  derived  from  these 
equations.  Either  of  two  paths  can  be  used  to  compute  thermody¬ 
namic  properties,  the  monomeric  gas  path  or  the  liquid  path;  but 
results  obtained  by  the  former  procedure  are  believed  to  be  more 
accurate.  Enthalpy,  entropy,  specific  volume,  specific  heat,  and 
compositional  information  (weight  fraction  of  dimer,  weight  fraction 
of  tetramer.and  average  molecular  weight)  are  tabulated  for  some 
700  selected  vapor  states  in  the  temperature  range  from  1625°  to 
2575°  F  and  in  the  pressure  range  from  0.2  to  25  atm. 


PROBLEM  STATUS 

This  is  a  final  report  on  the  experimental  work  with  sodium. 
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HIGH-TEMPERATURE  PROPERTIES  OF  SODIlH^yi 


INTRODUCTION 

In  the  development  of  compact  turboelectric  systems  for  space  vehicles,  the  National 
Aeronautics  and  Space  Administration  is  sponsoring  a  property  measurement  program 
for  the  evaluation  of  several  liquid  metals  as  possible  working  fluids.  As  an  integral 
part  of  this  program,  the  U.S.  Naval  Research  Laboratory  has  measured  several  thermo¬ 
physical  properties  of  potassium  to  2300°  F,  sodium  to  2500°  F,  and  cesium  to  2300°  F. 

The  saturated  liquid  properties  which  have  been  determined  experimentally  include 
density,  vapor  pressure,  and  specific  heat  (except  for  cesium).  Saturated  and  super¬ 
heated  vapor  properties  including  specific  volume,  specific  heat,  enthalpy,  and  entropy 
have  been  derived  from  experimental  pressure-volume-temperature  (PVT)  studies.  All 
phases  of  this  measurement  program  have  been  completed.  The  final  properties  of  potas¬ 
sium  and  cesium  are  published  in  companion  reports  (1),  and  those  of  sodium  are  pre¬ 
sented  in  this  report. 


EXPERIMENTAL  MATERIALS  AND  METHODS 
COMMON  TO  ALL  MEASUREMENTS 

A  number  of  materials,  methods,  and  techniques  were  common  to  many  of  the  exper¬ 
imental  measurements.  These  include  the  container  alloy,  the  high-pressure  furnace 
systems,  the  temperature  measurements,  and  techniques  for  purifying  and  transferring 
the  alkali  metals.  All  are  discussed  at  some  length  in  the  companion  report  on  potassium 
(la),  and  only  a  short  section  related  to  the  purity  of  the  sodium  will  be  included  in  this 
report. 

Sodium  samples  for  the  density  and  specific  heat  determinations  were  distilled 
directly  from  a  small  nickel  still  (2)  into  each  apparatus.  However,  for  the  PVT  determi¬ 
nations  this  procedure  was  impractical,  and  the  ^kali  metal  was  distilled  and  introduced 
into  small  capsules  (la)  for  subsequent  transfer  into  the  PVT  apparatuses.  Sodium  intro¬ 
duced  to  the  distillation  retort  was  a  pure  grade  of  E.  L  du  Pont  de  Nemours  and  Company; 
a  typical  spectrographic  analysis  after  one  distillation  at  this  Laboratory  is  presented  in 
Table  1.  It  will  be  noted  that  metal  impurities  are  present  in  very  low  concentrations. 

Sodium  oxides,  which  may  be  present  in  low  concentrations  in  the  distilled  metal, 
should  be  effectively  gettered  by  the  columbium  and  zirconium  of  the  container  alloy. 
Therefore,  oxygen  analyses  of  the  metal  samples  used  in  these  studies  were  not  made, 
but  the  oxygen  content  of  sodium  (as  purified  in  previous  studies  (3)  at  this  Laboratory 
by  the  same  distillation  technique)  was  determined  to  be  below  10  ppm  by  the  amalgama¬ 
tion  method. 


Table  1 


Spectrographic  Analysis  of  Distilled  Sodium 


Metal 

Analyses  (Parts  per  Million  by  Weight) 

K 

1  to  100 

Rb 

Not  Detected 

Cs 

Not  Detected 

Li 

Not  Detected 

1 
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EXPERIMENTAL  MEASUREMENTS 
Pressure-Volume-Temperature  Measurements  of  Sodium 

Experimental  Superheat  Results  -  The  PVT  measurements  in  both  the  superheat  and 
saturation  regions  were  made  with  small  closed  chambers  using  flexible  diaphragms  as 
null-detectors.  This  high-temperature  columbium-1'^  zirconium  apparatus  and  the 
methods  employed  are  described  in  detail  for  potassium  (la);  thus,  only  the  new  experi¬ 
mental  results  for  sodium  are  included  in  (his  report. 

The  nine  PVT  experiments  for  sodium  (Table  2)  covered  a  wide  range  in  the  super¬ 
heat  region  with  measured  temperatures  extending  from  1760°  to  2590°  F  and  pressures 
from  1.9  to  25.1  atm.  For  each  experimental  point  in  this  table,  pressure  and  tempera¬ 
ture  were  directly  observed  and  the  specific  volume  was  computed  from  the  weight  of 
sodium  added  to  the  chamber.  The  inconsistent  numbering  of  the  sodium  experiments 
may  be  misleading;  it  results  from  these  experiments  being  performed  concurrently  with 
those  for  potassium  and  cesium. 

At  each  equilibrium  point  represented  by  the  data  in  Table  2,  multiple  readings  of 
temperature  and  pressure  were  made  at  5  to  10  min  intervals  until  successive  readings 
showed  a  temperature  drift  of  0.07°F/min  or  less  and  a  temperature  difference  across 
the  chamber  less  than  2°F  (and  generally  less  than  1°F).  In  the  measurement  of  pres¬ 
sures  with  the  diaphragm  device,  the  excellent  reproducibility  obtained  during  the  potas¬ 
sium  measurements  (la)  continued  for  sodium.  Measurements  for  each  experiment 
(except  experiment  18)  were  made  over  a  minimum  of  one  full  cycle  from  the  normal 
boiling  point  to  about  2525° F,  and  equilibrium  pressures  were  reproduced  in  the  super¬ 
heat  region  to  better  than  lO.  1  psi  before,  during,  and  after  cycling. 

Specific  Volumes  of  Saturated  Vapor  -  Specific  volumes*  of  several  saturated  vapor 
states  (Table  3)  were  observed  over  the  temperature  range  from  1750°  to  2555° F.  The 
measurements  were  made  in  the  course  of  the  PVT  studies,  and  each  point  represents 
an  intersection  of  the  saturated  and  superheated  vapor  curves  for  one  of  the  nine  PVT 
experiments.  However,  for  the  low-weight  and  low-pressure  experiments  (particularly 
3,  4,  18,  and  19),  the  observed  pressures  near  the  intersection  of  the  saturation  and 
superheat  curves  were  found  to  be  abnormally  low.  To  study  this  phenomenon,  a  large 
number  of  observed  points  were  taken  in  this  region  for  experiment  3,  and  a  portion  of 
this  experimental  curve  is  presented  as  Fig.  1.  It  will  be  noted  that  for  a  temperature 
range  of  about  150° F  observed  pressures  are  sigiuficantly  below  the  true  saturation  and 
superheat  curves.  The  several  factors  which  may  contribute  to  this  lowering  phenomenon 
include  the  existence  of  dual  states,  elevation  of  the  boiling  point  by  nonvolatile  impurities, 
and  the  retention  of  condensed  alkali  metal  on  the  walls  by  adsorption  and  capillarity 
effects.  These  factors  are  discussed  in  some  detail  in  Ref.  la. 

The  saturated  specific  volume  for  each  PVT  experiment  was  obtained,  as  illustrated 
for  experimeni  3  in  Fig.  1,  by  a  short  extrapolation  of  tiie  superheated  vapor  curve  to  the 
true  saturation  curve  as  defined  by  the  vapor -pressure  equation  (Eq.  (1)).  Although  the 
extrapolation  procedure  I  .nded  to  minimize  any  error  in  the  saturated  specific  volume 
resulting  from  the  depression  phenomenon,  it  is  believed  that  specific  volumes  obtained 
from  the  virial  equation  (Eq.  (14))  and  the  vapor -pressure  equation  (Eq.  (1))  will  be  of 
higher  reliability  than  those  observed  at  the  intersection  points  (Table  3).  Even  so,  cor¬ 
responding  values  computed  from  the  virial  equation  show  an  average  deviation  of  only 
±0.57%  from  the  observed  values. 


*Preliminary  values  for  the  specific  volume  of  saturated  sodium  vapor  (29)  were  based  on 
incorrect  thermal  expansion  values  for  columbium-1%  zirconium. 
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Table  2 

Pressure -Volume -Temperature  Measurements  ^perheat  Region 


Temperature 

(“F) 


Pressure 
(abs  atm) 


Specific  Volume 
(cu  ft/lb) 


Temperature 

(“F) 


Pressure 
(abs  atm) 


Specific  Volume 
(cu  ft/lb) 


Experiment  3 


Experiment  20 


2126.7 

6.623 

10.750 

2231.4 

7.033 

10.767 

2324.3 

7.375 

10.783 

2414.3 

7.701 

10.798 

2508.6 

8.025 

10.814 

2472.8 

7.909 

10.808 

2376.9 

7.568 

10.792 

2287.8 

7.236 

10.777 

2185.9 

6.860 

10.760 

2113.3 

6.579 

10.748 

2095.5 

6.478 

10.745 

2099.3 

6.497 

10.746 

2102.9 

6.514 

10.746 

2317.9 

9.709  ' 

7.8521 

2382.2 

10.027 

7.8600 

2449.4 

10.368 

7.8684 

2514.0 

10.677 

7.8766 

2486.4 

10.549 

7.8731 

2419.5 

10.216 

7.8646 

2353.8 

9.886 

7.8565 

2284.2 

9.536 

7.8479 

2238.1 

9.304 

7.8424 

2204.6 

9.123 

7.8383 

Experiment  4 


1807.3 


2399.9 

2517.3 
2536. 1 

2491.4 


Experiment  23 


13.250 

14.053 

14.175 

13.884 

3.628 

3.367 

3.078 

2.860 

12.547 


5.8001 

5.8110 

5.8128 

5.8086 

5.8053 

5.8017 

5.7977 

5.7948 

5.7916 
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Table  3 

Specific  Volumes  of  Saturated  Sodium  Vapor 


Experiment 

Number 

Temperature 

(“F) 

Specific  Volume 
(cu  ft/lb) 

4 

’750.1 

33.37 

19 

1888.3 

19.73 

18 

1988.8 

13.90 

3 

2071.8 

10.74 

20 

2177.6 

7.835 

23 

2289.0 

5.790 

25 

2402.3 

4.374 

17 

2474.4 

3.671 

7 

2555.1 

3.069 

t  a  IO*CF) 

Fig.  1  -  Phenomenon  at  intersection  of 
saturation  and  superheat  curves  (illus¬ 
trated  with  experiment  3) 
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Discussion  of  Superheat  Results  -  The  sources  and  magnitudes  of  errors  in  the  PVT 
measurements  were  discussed  in  detail  for  potassium  (la).  Many  of  these  are  common  to 
the  PVT  studies  of  all  the  alkali  metals,  and  only  those  which  are  specific  to  the  sodium 
work  are  included  here. 

Although  the  procedures  developed  with  potassium  for  the  degassing  and  closing  of 
null-point  apparatuses  were  very  effective  in  excluding  all  inert  gas  from  the  chambers, 
the  possibility  of  inadvertently  trapping  gas  in  a  chamber  still  existed.  Therefore,  each 
sodium  apparatus  was  checked  for  gas  at  the  conclusion  of  an  experiment  by  opening  the 
chamber  to  an  evacuated  manometer.  Gas  pressures  as  low  as  0.01  psi  were  detectable 
in  this  manner,  and  no  gas  was  detected  in  any  of  the  nine  experiments  for  sodium. 

Two  apparatuses  of  significantly  different  surface-to-volume  ratios  were  used  in  the 
potassium  study  (la).  A  comparison  of  compressibility  factors  measured  with  the  two 
apparatuses  provided  evidence  that  any  adsorption  of  potassium  on  the  metal  surfaces 
was  insignificant.  For  sodium,  two  experiments  (18  and  19)  were  again  made  with  a  large 
apparatus  of  nominal  113  cc  volume  and  a  surface-to-volume  ratio  of  1.64  cm"‘.  The 
remaining  experiments  were  made  with  the  standard  57-cc  apparatus  having  a  surface-to- 
volume  ratio  of  2.15  cm“\  If  adsorption  of  sodium  had  been  significant,  one  would  expect 
the  low-weight  experiments  performed  with  the  lower  surface-to-volume  chambers  to 
have  observed  pressures  which  would  appear  high  relative  to  the  other  experiments.  The 
fact  that  the  observed  pressures  for  these  two  experiments  are  not  high  provides  addi¬ 
tional  evidence  that  any  surface  adsorption  was  insignificant. 

The  factor  of  thermal  Ionization  was  discussed  for  potassium  vapor  in  Ref.  la.  An 
estimate  of  the  degree  of  ionization  was  obtained  for  sodium  from  its  ionization  potential 
(4).  For  the  metal  vapor  at  2500° F  and  1  atm,  the  degree  of  ionization  was  estimated  to 
be  less  than  10“’ .  This  calculation  leads  to  the  conclusion  that  the  degree  of  thermal 
ionization  is  several  orders  of  magnitude  too  low  to  produce  a  measurable  increase  in 
pressure. 

The  results  of  PVT  measurements  are  generally  reported  in  the  form  of  compres¬ 
sibility  factors  (pV/KT),  since  these  factors,  in  one  form  or  another,  are  employed 
directly  in  the  thermodynamic  reduction  of  data.  It  is  then  desirable  to  express  experi¬ 
mental  error  in  terms  of  these  factors.  If  we  take  into  account  all  known  sources  of 
uncertainty,  the  percent  probable  error  in  the  compressibility  factor  ranges  from  a 
minimum  of  0.26%  to  a  maximum  of  0.44%.  The  relatively  large  error  occurred  in 
experiment  4  and  was  generated  by  uncertainty  in  the  weight  of  the  very  small  sample 
of  sodium  employed. 

Experimental  Saturation  Pressures  -  Saturation  pressures  of  sodium  for  the  full 
temperature  range  (0.34  atm  at  1437  °F  to  23.8  atm  at  2539°  F)  were  measured  with  a 
separate  PVT  apparatus  using  a  large  excess  of  the  alkali  metal,  and  the  results  are 
presented  in  the  “Vapor-Pressure  Experiments"  section  of  Table  4.  Pressures  to  12.9 
atm  which  were  measured  in  the  course  of  eight  PVT  experiments  are  presented  in  the 
second  section  of  the  same  table.  It  has  been  shown  that  saturation  pressures  observed 
for  each  experiment  near  the  intersection  of  the  saturation  and  superheat  curves  were 
below  corresponding  values  on  the  true  saturation  curve.  This  lowering  of  the  vapor 
pressure  can  be  satisfactorily  explained  (la),  and  observed  pressures  in  these  regions 
are  not  Included  in  the  table. 

The  vapor -pressure  data  in  Table  4  are  presented  graphically  in  Fig.  2.  It  is  evident 
from  a  large-scale  plot  that  log  p  versus  i  T  for  sodium  is  not  linear,  but  the  data  can 
be  effectively  fitted  for  the  full  temperature  range  (normal  boiling  point  to  2..40°F)  with 
one  three-term  equation  of  the  Kirchhoff  type  riog  p  ^aT  *  b  'T  *  c  log  T).  A  few  measurements 
of  vapor  pressure  below  1  atm  are  included  in  Table  4  and  Fig.  2,  but  these  are  believed 
to  be  of  lower  precision  and  were  given  no  weight  in  determining  the  coefficients  of  the 
vapor-pressure  equation. 
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Table  4 


Saturated  Vapor  Pressures  of  Sodium 


Temperature 

Pressure 

Temperature 

Pressure 

(“F) 

(abs  atm) 

(°F) 

(abs  atm) 

Vapor -Pressure  Experiments 

1693.3 

1.4283 

2304.8 

13.077 

1800.7 

2.3197 

2223.9 

10.363 

1910.1 

3.587 

2152.5 

8.329 

2009.2 

5.172 

2053.0 

6.023 

2116.7 

7.442 

1947.0 

4.131 

2183.3 

9.155 

1837.3 

2.7035 

2262.4 

11.582 

1722.1 

1.6399 

2331.4 

14.063 

1628.1 

1.0472 

2413.1 

17.466 

1593.6 

0.8737 

2470.1 

20.164 

1557.7 

0.7172 

2539.2 

23.821 

1513.1 

0.5512 

2511.6 

22.297 

1478.7 

0.4464 

2443.4 

18.851 

1437.0 

0.3362 

2381.1 

16.065 

Vapor  Pressures  from  PVT  Experiments 

1690.0 

1.4242 

1 

1769.2 

2.0325 

1640.5 

1.1187 

1851.4 

2.8729 

1772.4 

2.0645 

1947.4 

4.113 

1872.0 

3.1138 

1810.4 

2.4081 

1976.7 

4.607 

1661.5 

1.2391 

2075.5 

6.505 

1692.9 

1.4249 

2189.7 

9.347 

1635.8 

1.08C7 

2299.8 

12.916 

1709.2 

1.5365 

2149.2 

8.237 

1651.5 

1.1697 

2017.0 

5.318 

1634.4 

1.0744 

1906.7 

3.562 

1645.5 

1.1500 

1738.4 

1.7835 

1758.2 

1.9291 

1636.9 

1.1085 

1854.1 

2.8933 

1688.4 

1.4017 

1958.9 

4.301 

1633.4 

1.0772 

2062.0 

6.212 

1695.8 

1.4630 

2168.6 

8.764 

1825.3 

2.5681 

2135.3 

7.831 

1760.5 

1.9522 

2020.6 

5.348 

1696.9 

1.4671 

J905.0 

3.506 

1629.1 

1.0629 

1716.4 

1.601 

1636.9 

1.0860 

1765.5 

1.9700 

1863.9 

2.9831 

1873.6 

3.1056 

1810.4 

2.4102 

1988.7 

4.799 

1678.0 

1.3371 

1937.6 

3.994 

1648.4 

1.1622 

1813.7 

2.4442 

1779.6 

2.1366 

1700.7 

1.4820 

1880.6 

3.2288 

1623.7 

1.0221 

1998.7 

4.986 

1639.2 

1.0853 

1937.0 

3.996 

1760.3 

1.9223 

1728.4 

1.7052 
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Fig.  2  -  Vapor  pressure  of  sodium  as  a  function 
of  the  reciprocal  absolute  temperature 

Three  vapor-pressure  equations 


op  p  6.  83770  - 

9.980.94 

T 

0.61344 

loR  T 

(1) 

p  =  7.  1 1 285  - 

10,063.7 

T 

0.  68464 

I  ng  T 

(2) 

op.  p  -  7.00980  - 

10,03.5.  2 

T 

0.65769  1 

1  og  T 

(3) 

for  sodium  were  obtained  by  least-squares  (computer)  treatments  of  the  data.  Eq.  (1)  was 
derived  from  a  treatment  using  all  the  observed  vapor  pressures  above  the  normal  boil¬ 
ing  point,  Eq.  (2)  was  derived  from  twenty  points  selected  at  equal  intervals  of  i  T  from 
a  smoothed  plot  of  log  p  versus  1/T  for  all  the  data.  Eq.  (3)  was  derived  from  the  data  of 
the  vapor -pressure  experiments  in  the  first  section  of  Table  4.  The  average  deviation  of 
all  the  observed  vapor-pressure  data  in  Table  4  from  corresponding  values  computed  from 
any  one  of  the  three  equations  is  iO.37%.  The  three  equations  are,  therefore,  effectively 
equivalent,  but  other  thermodynamic  quantities  in  this  report  are  based  on  Eq.  (1).  The 
normal  boiling  point  as  obtained  from  Eq.  (1)  is  1618.6° F  (881. 4°C)  and  from  Eqs.  (2)  and 
(3)  is  1619.0°F  (881.7°C). 

The  NRL  vapor  pressures  are  compared  to  those  of  previous  investigators  in  Fig.  3. 
Vapor  pressures  of  sodium  above  the  normal  boiling  joint  have  been  observed  by  Bowles 
and  Rosenblum  (5)  over  the  temperature  range  from  1778°  to  3418° F,  by  Sowa  (6)  over 


8 


NAVAL  tESEARCH  LABORATORY 


2100  2200  2300  2400  2500  2600  2700  2800  2900  3000 
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Fig.  3  -  Comparison  of  vapor  pressure  data  of  sodium  by 
several  investigators  using  the  NRL  data  as  standard 


the  range  from  1652°  to  2534°  F,  by  Kirilov  and  Grachev  (7)  over  the  range  from  1616°  to 
2372°  F,  and  by  Makansi  et  al,  (8)  over  the  range  from  1146°  to  2075° F.  In  Fig.  3  the 
NRL  results  have  been  arbitrarily  taken  as  standard,  and  the  percent  deviation  of  the 
vapor  pressure  of  each  investigator  from  that  of  NRL  is  plotted  as  a  function  of  temper¬ 
ature.  It  will  be  noted  that  the  vapor  pressures  observed  by  Makansi  are  in  excellent 
agreement  and  those  by  Bowles  and  Rosenblum  in  good  agreement  with  the  NRL  data. 

The  data  by  Sowa  exhibit  a  positive  deviation  at  higher  temperatures  which  apparently  is 
outside  the  range  of  combined  experimental  errors.  Kirilov  and  Grachev  have  reported 
results  for  both  potassium  (9)  and  sodium  (7),  and  the  data  for  each  metal  deviate  widely 
from  all  published  work. 

As  an  independent  check  o  the  internal  consistency  of  the  vapor-pressure  measure¬ 
ments,  the  heat  of  vaporization  to  the  monomer  at  absolute  zero  was  computed  for  each 
observed  saturation  point  with  the  relationship 


HT 

W. 


~!1 

r 


4  I) 


V 


T  2.20.1997  -  0., $991857'  l»(?  7  +  0.552615''  10**7'^ 


-  0.056682X  lO-'^r’  -  12.172  29.021  . 


(4) 


This  working  equation  was  derived  from  the  third  law  as  described  for  potassium  (la). 
The  computed  vaporization  heats  (converted  to  cgs  units)  are  plotted  as  a  function  of 
temperature  in  Fig.  4.  Theoretically,  the  same  value  of  should  be  obtained  for  all 

the  saturation  points,  and  there  is  reasonable  constancy.  The  small  temperature  trend  of 
(  can  result  from  errors  in  the  vapor  pressure,  the  virial  coefficients,  or  in  any  of 
the  free-energy  functions  employed  in  the  computations.  The  free-energy  functions  of  the 
liquid  appear  to  be  the  least  reliable  quantities.  These  functions  are  known  precisely 
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Fig.  4  -  Heat  of  vaporizi.tion  of  monomeric  sodium  at  absolute  zero 
as  computed  from  observed  vapor-pressure  data 


only  to  1650° F  and  above  this  temperature  must  be  obtained  by  an  extrapolation  of  the 
liquid  specific-heat  results  of  Ginnings  (see  ‘Specific  Heat”  section).  This  extrapolation 
was  roughly  justified  to  2100°  F  by  a  few  specific-heat  measurements  made  at  this  Labora¬ 
tory,  but  it  is  believed  that  the  true  vaporization  heat  (25.61  kcal/mole)  may  be  obtained 
from  saturation  data  below  1700°  F  and  that  the  temperature  trend  above  this  point  results 
from  error  in  extrapolating  the  specific  heat  of  the  liquid. 

Piscussion  of  Saturation  Pressures  -  The  measurement  of  saturation  pressures 
directly  with  a  diaphragm  detector  is  new  to  the  high-temperature  field.  The  relative 
merits  of  the  apparatus  and  the  uncertainties  to  be  expected  ir  the  Viirious  measurement 
parameters  are  discussed  in  the  potassium  report  (la).  If  wc  take  into  account  all  known 
sources  of  error  in  the  saturation  measurements,  the  percent  probable  error  in  the  pres¬ 
sure  ranges  from  ±0.64%  at  1  atm  to  a  maximum  of  ±0.80%  at  23  atm. 

Makansi  (8)  has  measured  vapor  pressures  of  a  number  of  the  alkali  metals  including 
sodium  and  potassium  by  the  boiling-point  method.  The  NRL  results  for  both  potassium 
and  sodium  by  a  static  method  are  in  close  agreement  with  the  corresponding  results  of 
Makansi.  This  fact  tends  to  increase  the  degree  of  confidence  which  can  be  placed  in  the 
observed  saturation  pressures  for  both  metals. 


Density  Measurements  of  Liquid  Sodium 

The  density*  of  liquid  sodium  was  determined  with  columbium-1%  zirconium  pycnom¬ 
eters  of  30  cc  nominal  volume  by  the  method  described  for  potassium  (la).  Measured 
densities  over  the  temperature  range  from  1577°  to  2491° F  are  reported  in  Table  5  and 
presented  graphically  along  with  those  of  other  investigators  in  Fig.  5.  The  recommended 


’^'Preliminary  values  and  equations  for  the  density  of  sodium  (29)  were  based  on  incorrect 
values  for  the  thermal  expansion  of  columbium-1%  zirconium. 
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Table  5 


Density  of  Liquid  Sodium 
at  High  Temperatures 


Temperature 

(°F) 

Density 
(Ib/cu  ft) 

1576.8 

46.738 

1886.2 

43.926 

2093.5 

42.224 

2268.9 

40.641 

2491.2 

38.933 

density  equation  for  liquid  sodium  from  the  melting  point  to  2500°  F  is 

=59.S66  -  7.9504X  10'^/ -  0.2872  +  0.06035x10-’/’.  (5) 

This  equation  was  derived  by  fitting  the  best  curve  to  the  density  determinations  of 
Hagen  (10)  and  NHL  (11)  at  lower  temperatures,  Novikov  et  al.  (12),  Jackson  et  al.  (13), 
Rinck  (14),  and  Nishibayashi  (15)  at  moderate  temperatures,  and  NRL  (Table  5)  at  higher 
temperatures.  All  these  measurements  are  summarized  in  Table  6.  For  each  investi¬ 
gation,  the  temperature  range,  the  general  method,  and  the  average  deviation  from  Eq.  (5) 
are  presented.  In  general,  the  dilatometric  measurements  show  good  internal  consistency 
over  the  full  temperature  range,  and  it  is  believed  that  Eq.  (5)  will  give  density  values 
which  are  accurate  to  ±0.3%  between  the  melting  point  and  1100°F  and  to  ±0.4%  between 
1100°  and  2500° F. 


Table  6 


Summary  of  Density  Measurements  for  Liquid  Sodium 


Temp. 

%  Average  Deviation 

Investigator 

Method 

Range 

Obs.-Calc.  (Eq.  (5)) 

(“F) 

Calc. 

L... 

NRL  (11) 

Dilatometric 

mp  to  503 

±0.08 

Jackson  (13) 

Buoyancy 

937  to  1314 

-0.74 

Rinck  (14) 

Buoyancy 

804  to  1183 

40.15 

Hagen  (10) 

Dilatometric 

mp  to  336 

±0.05 

NRL  (Table  5) 

Dilatometric 

(Pycnometers) 

1577  to  2491 

±0.17 

Novikov  (A)* 

Buoyancy 

248  to  505 

-0.14 

(12)  (B)t 

Buoyancy 

275  to  1324 

±0.71 

Nishibayashi  (15) 

Buoyancy 

486  to  1580 

_ 

±1.09 

’*‘(A)  with  steel  sinker. 
t(B)  with  tungsten  sinker. 


The  uncertainties  to  be  expected  in  the  various  parameters  of  the  NRL  density 
measurements  were  discussed  in  the  potassium  report  (la).  If  all  known  uncertainties 
are  taken  into  account,  the  percent  probable  error  of  the  reported  densities  range  from 
±0.25  to  ±0.30%. 
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Specific-Heat  Measurements  of  Liquid  Sodium 

Specific  heats  of  saturated  liquid  sodium  were  determined  from  212°  to  2140°  F. 

A  bucket  containing  the  alkali  metal  was  equilibrated  at  a  known  temperature  in  a  specially 
designed  furnace  and  dropped  into  a  copper-block  calorimeter,  permitting  a  measurement 
of  the  heat  evolved  in  cooling  the  sample  to  30° C.  This  procedure  was  repeated  at  a  num¬ 
ber  of  furnace  temperatures  for  both  hlled  and  empty  buckets,  and  the  heat  capacities  of 
the  sample  were  derived  by  standard  calorimetric  procedures.  The  specific -heat  system 
and  the  methods  employed  have  been  described  in  detail  by  Walker  et  al.  (17). 

The  heat  capacities  of  sodium  and  of  sapphire,  a  calorimetric  standard,  are  presented 
in  Tables  7  and  8.  The  observed  values  for  each  material  are  compared  to  corresponding 
values  obtained  at  the  National  Bureau  of  Standards  (18).  Comparison  results  for  sodium 
above  1650° F,  the  limit  of  the  NBS  measurements,  represent  an  extrapolation  using  the 
NBS  specific -heat  equation.  Although  the  deviations  for  each  material  are  generally 
below  ±3%,  they  are  higher  than  those  obtained  in  previous  measurements  with  the  same 
calorimetric  system.  The  maji,r  portion  of  this  error  stems  from  a  large  random  uncer¬ 
tainty  observed  in  duplicate  measurements.  EXiring  the  potassium  study  (la),  the  method 
and  the  calorimetric  system  were  completely  re-examined  for  possible  sources  of  error, 
but  no  significant  source  was  discovered.  It  is  now  believed  that  the  reduced  measurement 
precision  resulted  from  the  relatively  low  sample-to-container  heat-content  ratio  (1:3) 
which  tended  to  magnify  nominal  system  errors.  It  was  necessary  to  use  the  thick-walled 
Inconel  container,  with  its  accompanying  unfavorable  heat-content  ratio,  in  order  to  with¬ 
stand  the  pressure  of  potassium  vapor  at  operating  temperature. 


Table  7 

Specific  Heat  of  Saturated  Liquid  Sodium  (High-Ternperature  System) 


Temp 

(“F) 

NHL 

^  p 

NBS 

C 

P 

Percent  Deviation 

/FRLc-^  -  NBS  r  \ 

(Btu/lb-°F) 

(Btu/lb-°F) 

\  NBS  J 

1111.1 

0.301 

0.300 

±0.3 

1335.0 

0.291 

o.Soi 

-3.3 

1519.5 

0.297 

0.304 

-2.3 

1688.9 

0.313 

0.309>^ 

±1.3 

1848.0 

0.324 

0.316’=' 

±2.5  1 

2029.3 

0.325 

0.326>!' 

0.0 

Mean  ±1.6 

^'Extrapolated  with  NBS  equation. 


Specific  heats  of  sodium  at  intermediate  temperatures  were  measured  at  NRL  several 
years  ago  but  were  not  published.  These  results  are  now  reported  in  Table  9  and  com¬ 
pared  with  corresponding  NBS  values.  The  mean  deviation  of  the  data  is  only  ±0.5%, 
because  the  measurements  were  made  under  more  favorable  conditions  using  an  iron 
bucket  with  a  sample-to-container  heat-content  ratio  of  2:1. 

The  specific -heat  results  at  both  high  and  intermediate  temperatures  are  presented 
graphically  in  Fig.  6  and  are  compared  to  the  existing  data  and  curve  of  Ginnings,  Douglas, 
and  Ball  (18).  The  intermediate  temperature  results  of  NRL  are  in  good  agreement  with 
those  of  NBS.  The  dashed  curve  above  1650°  F  represents  a  temperature  extension  of 
Ginning’s  data  using  his  specific-heat  equation.  Although  the  higher  temperature  NRL 
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Table  8 

Specific  Heat  of  Sapphire  (High-Temperature  System) 


Temp 

(°F) 

NRL 

c 

1' 

(Btu/lb-°F) 

NBS 

'  p 

(Btu/lb-'T) 

Percent  Deviation 
^RL  -  NBS  .  \ 

\  NBS  j 

533.8 

0.246 

0.250 

-1.6 

1197.5 

,  0.279 

0.286 

-2.4 

1334.1 

0.285 

0.292 

-2.4 

1516.3 

0.292 

0.296 

-1.4 

1  1682.8 

0.292 

0.298’:= 

-2.2  1 

1848.9 

0.304 

0.301 

+  1.2  j 

2034.3 

0.303 

0.303’: 

0.0 

-  1 

Mean  ±1.6  | 

^Extrapolated  with  NBS  equation. 

Table  9 

Specific  Heat  of  Saturated  Liquid  Sodium  (Low-Temperature  System) 


Temp 

(°F) 

J 

NRL 

C 

P 

(Btu/lb-°F) 

NBS 

'  p 

(Btu/lb-“F) 

!  Percent  Deviation 
^RL  -  NBS 

i  _  NBS  j  _ 

311.4 

0.325 

'  0.325 

0.0 

491.5 

0.315 

0.315 

0.0 

665.6 

1 

0.312 

0.308 

+  1.3 

841.5 

0.304 

0.303 

+0.3 

1031.5 

0.297 

0.300 

-1.2 

1206.7 

0.300 

0.300 

0.0  1 

_ 

i _ 

Mean  ±0.5 

Fig.  6  -  Specific  heat  of  liquid  sodium 
O  NRL  (low-temperature  system)  □  NRL  (high-tempe  rature  system) 
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results  tend  to  verify  an  extension  of  the  NBS  equation  to  2200“  F,  the  true  specific-heat 
curve  for  the  liquid  above  1650“  F  is  in  question. 


SUMMARY  OF  FUNDAMENTAL  PROPERTIES  USED 
IN  T  i!.  x  HERMODYNAMIC  TREATMENTS 

Deiisiiy  of  Liquid  Sodium 

Densities  of  the  condensed  phase  were  obtained  from  Eq.  (5),  which  was  derived  from 
the  observed  data  of  this  Laboratory  and  of  other  investigators. 


Enthalpy  and  Entropy  of  Monomeric  Sodium  Vapor 

Equations  for  absolute  enthalpy  and  entropy  of  monomeric  vapor  as  functions  of 
temperature  were  derived  from  the  work  of  Evans  et  al.  (19)  and  are  based  on  their 
standard  enthalpies  and  entropies  for  the  monomeric  gas  over  the  temperature  range 
from  0“  to  2800°F  and  on  the  enthalpy  of  vaporization  at  0“R  (26.10  mean  kcal/mole)  as 
obtained  from  the  vapor-pressure  data  of  this  Laboratory.  The  equatix^ns  for  the  mono¬ 
meric  gas  at  1  atm  (relative  to  the  solid  at  0“R)  are 

(h^)°  -  200fi.  15  +  0.21598  r+  12,  172  ^  (6) 

-  0.238.59  +  0.21598  In  T.  (7) 


Specific  Heat  at  Constant  Pressure 
of  Monomeric  Sodium  Vapor 

The  temperature  equation  for  the  specific  heat  of  monomeric  vapor  at  constant  pres¬ 
sure  was  also  derived  from  the  work  of  Evans  et  al.  (19)  and  is  based  on  their  computed 
specific  heats  over  the  temperature  range  from  0“  to  3300“  F.  The  relation  for  the  mono¬ 
meric  gas  at  1  atm  is 


(c^)°  =  0.21598  +  6.053  ^-»7.  280  T 
P 


(8) 


Enthalpy  and  Entropy  of  Liquid  Sodium 

The  thermodynamic  properties  presented  in  this  report  are  based  on  the  properties 
of  the  monomeric  gas  at  1  atm,  but  comparison  calculations  were  made  using  the  proper¬ 
ties  of  the  saturated  liquid  as  a  starting  point.  The  absolute  properties  of  the  liquid 
(relative  to  the  solid  at  0“R)  were  computed  with 

hi  -  0.389352  T  •  0.  552955><10- ♦r*  +  0.  113726''10- ^7'^  -  29.023  (9) 

al  -  0.896497  log  7  -  1 .  10557x10*  +  0.170408x10*^7’“  -  1.792026  .  (10) 


These  equations  were  derived  directly  from  the  work  of  Ginnings  et  al.  (18)  and  are 
based  on  their  specific -beat  equations  for  the  solid  and  liquid  over  the  temperature  range 
32“  to  1650“  F.  The  absolute  enthalpy  and  entropy  of  solid  sodium  at  32“  F  were  taken 
from  the  work  of  Evans  et  al.  (19).  The  specific  heat  of  liquid  sodium  was  also  measured 
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at  this  Laboratory  (see  “Specific  Heat”  section)  for  the  temperature  range  from  600°  to 
2150°  F.  The  NRL  results  overlap  and  extend  the  NBS  range  with  an  average  deviation  from 
their  equation  of  only  *1.5%.  Therefore,  the  upper  measured  limit  of  Eqs.  (9)  and  (10)  is 
extended  to  2150°F,  but  thermodynamic  c.^^’cnlations  to  2575°F  with  the  liquid  base  still 
require  a  400°  F  extrapolation  of  the  specific-heat  data. 


Saturation  Pressure  of  Liquid  Sodium 

Three  vapor-pressure  equations  were  derived  from  least-squares  correlations,  but 
Eq.  (1)  was  selected  to  compute  other  thermodynamic  quantities  in  this  report. 


Enthalpy  and  Entropy  of  Vaporization  of  Sodium 
Heats  of  vaporization  were  calculated  with 


■  Jp, 


22,982 


-  0.  613  t4 


( i-f  -  I'i) 


(11) 


which  was  derived  by  a  differentiation  of  Eq.  (1)  and  a  substitution  into  the  Clapeyron 
equation.  A  value  of  at  each  temperature  was  obtained  from  Eq.  (5)  and  a  value  of 
from  the  virial  equation  of  state  (Eq.  (14)). 

The  entropy  of  vaporization  at  each  saturation  point  was  obtained  by  dividing  the 
appropriate  enthalpy  change  by  the  absolute  temperature  as  shown  in 


A«..  = 


AA., 


(12) 


THERMODYNAMIC  TREATMENT  OF  PVT 
AND  ASSOCIATED  PROPERTIES 

The  imperfections  which  occur  in  the  alkali  metal  vapors  and  the  various  treatments 
of  these  imperfections  in  the  reduction  of  PVT  data  are  discussed  at  some  length  in  the 
potassium  report  (la).  A  quasi-chemical  analysis  of  the  PVT  data  presented  later  in 
this  report  tends  to  identify  the  dimeric  and  tetrameric  species,  and  it  is  believed  that 
the  major  imperfection  in  sodium  vapor  stems  from  the  existence  of  these  higher- 
molecular-weight  species.  The  species  are  present  in  sufficient  abundance  to  require 
consideration  of  their  presence  in  the  determination  of  the  thermodynamic  properties 
of  the  vapor. 

The  important  properties  (enthalpy,  entropy,  and  specb'ic  heat)  may  be  reduced  from 
the  PVT  data  by  the  use  of  either  of  two  methods,  the  virial  or  the  quasi-chemical.  In  the 
first,  the  gas  is  treated  as  a  monatomic  assembly  with  all  apparent  imperfections  given 
by  a  virial  equation  of  state,  and  the  thermodynamic  quantities  are  obtained  as  corrections 
to  those  of  the  monatomic  gas  in  terms  of  the  virial  coefficients.  In  the  second  method, 
equilibrium  constants  are  derived  for  the  mobile  equilibria  by  treating  the  gas  as  a  mix¬ 
ture  of  molecular  species,  and  other  thermodynamic  quantities  are  derived  from  the 
enthalpy  changes  associated  with  changes  in  the  molecular  composition  of  the  vapor.  For 
the  latter  method,  it  is  assumed  that  all  species  behave  as  perfect  gases. 

The  virial  equation  of  state  with  coefficients  through  the  fourth  virial  was  reduced 
from  the  raw  PVT  data  and  used  to  compute  enthalpies,  entropies,  specific  volumes,  and 
specific  heats  for  the  vapor  states  of  sodium.  The  alternative  equation  of  state  consisting 
of  the  perfect  gas  equation  and  the  equilibrium  constants  of  the  association  reactions  was 
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used  as  a  check  to  compute  the  same  engineering  properties  and,  in  addition,  to  compute 
the  molecular  composition  for  saturated  and  superheated  vapor  states.  Since  both  of  these 
methods  were  used  in  preliminary  analyses  of  the  compressibility  data,  the  application  of 
each  method  to  the  sodium  data  will  be  described  in  some  detail  later  in  this  report. 

The  thermodynamic  properties  of  sodium  by  both  the  virial  method  and  the  quasi¬ 
chemical  method  were  computed  along  constant  temperature  lines.  The  starting  point 
for  a  particular  property  could  have  been  the  absolute  value  of  that  property  for  either 
the  saturated  liquid  or  for  the  monomeric  gas  at  1  atm.  Therefore,  two  computational 
paths  exist  for  obtaining  each  absolute  property  in  the  superheat  region.  The  engineering 
properties  were  computed  along  both  paths  by  the  virial  method,  and  the  results  are  com¬ 
pared  in  this  report. 


Virial  Coefficients  of  Sodium 

The  virial  equation  of  state  in  the  volume  expansion  form 


pV  ,  H  C  I) 

1-^  =  1  +  -  \  \  -  + 

RT  '^1 

ni  y  yi 


(13) 


was  used  for  the  analyses  of  all  three  alkali  metal  systems  The  virial  coefficients  for 
sodium  in  this  equation  were  reduced  from  the  PVT  data  by  the  method  described  for 
potassium  (la).  The  coefficients  are  temperature  dependent  and  were  derived  graphically 
by  plotting  functions  along  constant  temperature  lines.  The  small  experimental  errors 
in  the  PVT  data  were  again  largely  systematic,  which  permitted  the  use  of  the  adjustment 
procedure  (la)  to  derive  a  more  precise  temperature  coefficient  for  each  virial. 

The  adjustment  procedure  required  the  selection  of  a  reference  isotherm  with  the 
maximum  pressure  range  of  compressibility  factors  in  order  to  obtain  the  maximum 
definition  of  the  virial  coefficient.  Accordingly,  a  reference  temperature  of  2525° F  was 
selected.  The  compressibility  factor  ^  at  this  temperature  was  plotted  as  a  function 
1  ^  (Fig.  7),  and  the  second  virial  coefficient  «  was  obtained  as  the  lim  *  di  i  \) 
as  1 /v  -  A1so,J[2  •  nr  was  plotted  as  a  function  of  i  v  and  B  was  obtained  as  the 
lim  (^  -  1)K  as  >  r  -  0  .  The  value  of  «  by  either  procedure  appeared  to  lie  between  22 
and  26,  but  24.3  was  selected,  since  this  gave  the  best  internal  consistency  between  the 
low-  and  high-pressure  results  as  determine^d  from  a  plot  of  [(^  -  Di*  -  «]  r  versus  i  v. 
From  this  finjil  plot  of  the  quantity  [(z  -  D?"  - «)  r  versus  i  r  ,  the  adjustment  factors 
were  computed  from  the  best  linear  curve  drawn  through  the  data  (Fig.  8). 

Assuming  all  errors  to  be  systematic,  the  compressibility  factors  for  each  of  the 
nine  experiments  were  adjusted  at  all  temperatures  by  the  factors  obtained  at  2525°  F. 
Using  these  adjusted  compressibility  factors,  which  are  identified  by  in  all  quantities, 
(2*  -  i)r  was  plotted  as  a  function  of  i/v^  for  isotherms  at  50-degree  intervals  between 
2175°  and  2575°F,  and  second  virial  coefficients  were  obtained  from  these  plots.  Third 
and  fourth^virial  coefficients  were  obtained  by  plotting  the  quantity  [(a*  -  i)r  -  «]  v 
versus  i  i’  for  isotherms  at  50-degree  intervals  between  2175°  and  2575° F.  Additional 
second  virial  coefficients  in  the  lower  temperature j'ange  from  1775°  to  2125° F  were 
obtained  by  computing  the  average  value  of  [(^  -  i)F  -  c^v  -  i)/v^]  for  the  lower 
pressure  experiments  on  each  isotherm.  The  values  of  c  and  P  required  for  these  cal¬ 
culations  were  obtained  by  extrapolating  their  temperature  equations.  Virial  coefficients 
are  functions  of  equilibrium  constants  (la),  and  each  coefficient  can  be  represented  for 
the  full  measured  temperature  range  by  a  simple  exponential  relationship  in  i  7  (Eq.  (14)). 

Experimental  PVT  data  were  also  obtained  from  2175°  to  1775°  F,  but  the  number  of 
experimental  points  in  this  region  di^  not  permit  one  to  obtain  reliable  virial  coefficients 
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[.  7  -  Plot  of  pV  KT  versus  1  K  for  sodium  at  2525°  F 
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Fiji .  8  -  Plot  of  [  (  2  -  1)  r  -  /I  ]  r  versus  1  V  for 
sodium  at  2525°  F  (vertical  line  for  each  point 
represents  probable  error) 
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by  the  graphical  method.  Consequently,  before  the  virial  equation  of  state  for  sodium 
was  acceptable  for  calculations  below  2175°  F,  it  was  necessary  to  determine  its  fit  to 
the  observed  lower  temperature  data.  At  temperatures  and  pressures  corresponding  to 
the  observed  low-temperature  points,  compressibility  factors  were  calculated  and  com¬ 
pared  to  the  observed  values.  The  fit  of  the  virial  equation  of  state  to  the  lower  tempera¬ 
ture  data  was  found  to  be  practically  equivalent  to  tiiat  obtained  at  higher  temperatures. 

It  should  be  emphasized  that  the  procedure  of  adjusting  the  data  (in  no  case  did  an 
adjustment  factor  exceed  0.7%  of  ^ )  was  used  only  as  an  expedient  in  obtaining  more 
precise  temperature  coefficients  for  the  virials.  Equally  valid  virial  and  temperature 
coefficients  could  have  been  obtained  more  laboriously  from  unadjusted  drita. 


The  Virial  Equation  of  State  of  Sodium 

The  virial  equation  of  state  of  sodium with  coefficients  through  the  fourth  virial  is 


where 


KT 


1  t 


/i  C 
—  + 

V  V 


I) 


I  Of?  /^ 


I,  ,ir>i9  +  —  +  I  r 

li  <  0 


I  OR  c 


-c.  61): 
r  >  0 


10.  H.19 

r 


,  i:).  r>:w 

I og  I  p  -  -0. oo'’.,  •  -  y—  • 

p  <  0 


(14) 


The  fit  of  the  virial  equation  to  measured  data  is  shown  graphically  in  Fig.  9,  where 
compressibility  isotherms  generated  with  Eq.  (14)  are  compared  to  experimental  com¬ 
pressibilities  at  100-degree  intervals  from  1775°  to  2575° F.  The  observed  specific- 
volume  data  in  Table  2,  or  compressibility  factors  derived  from  that  data,  may  be  calcu¬ 
lated  from  the  virial  equation  with  an  average  deviation  of  )0.26‘^.  As  in  the  case  of  the 
potassium  data  (la),  this  deviation  is  of  a  magnitude  predicted  by  random  and  systematic 
errors  in  the  null-point  measurements. 


Thermodynamic  Properties  of  Sodium  by  the 
Virial  Method  (Monomeric  Gas  Path) 

Expressions  for  the  thermodynamic  properties  (monomeric  gas  path)  in  terms  of  the 
second  and  thir^  virial  coefficients  were  derived  by  Hirschfelder  et  al.  (20).  By  the  same 
method,  iinother  set  of  equations  was  derived  and  extended  to  include  the  fourth  virial 


’■■The  preliminary  virial  equation  for  sodium  (29)  was  based  on  incorrect  values  for  the 
thermal  expansion  of  columbium-1%  zirconium. 
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coefficient.  These  equations  were  used  to  compute  the  thermodynamic  properties  of 
sodium  vapor  (Appendixes  A  and  B)  and  are  presented  in  this  section. 

Enthalpy,  Entropy,  and  Specific  Heat  of  Saturated  and  Superheated  Vapor  -  These 
properties  at  all  vapor  states  were  computed  along  isotherms  using  the  following  equations: 
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Specific  Volume  of  Saturated  and  Superheated  Vapor  -  This  property  at  all  vapor 
states  (Appendixes  A  and  Bj  was  computed  from  the  virial  equation  of  state  (Eq.  (14))  by 
a  trial  and  error  solution. 

Enthalpy  and  Entropy  of  the  Condensed  Phase  -  These  properties  of  the  saturated 
liquid  (Appendix  A)  at  each  temperature  were  obtained  by  subtracting  the  enthalpy  or 
entropy  of  vaporization  from  the  corresponding  properties  of  the  saturated  vapor. 


Thermodynanjic  Properties  of  Sodium  by  the 
Virial  Method  (Liquid  Path) 

Expressions  for  the  thermodynamic  quantities  with  the  properties  of  the  condensed 
liquid  as  a  base  were  derived  directly  from  those  in  the  preceding  section.  Those  new 
equations  together  with  a  procedural  outline  of  the  methods  of  calculation  ;ire  presented 
below. 

Enthalpy,  Entropy,  and  Specific  Heat  of  the  Saturated  Vapor  -  The  enthalpy  iuid 
entropy  of  the  saturated  vapor  at  a  given  temperature  were  obtained  by  adding  the  enthalpy 
or  entropy  of  vaporization  to  the  corresponding  properties  of  the  saturated  liquid.  The 
specific  heat  at  saturation  was  obtained  by  numerically  evaluating  at  50-degree  interv:ils 
the  differential 


(18) 


Enthalpy,  Entrj)py,  and  Specific  Heat  of  Superheated  Vapor  -  These  properties  in  the 
superheat  region  were  computed  along  constant  temperature  lines  with  each  saturated 
state  as  a  starting  point.  The  general  equations  in  virial  form  are 


(21) 
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Talie  10 

Comparison  of  Monomeric  Gas  and  Liquid  Path  Calculations 

(Virial  Method) 


Temp. 

('’F) 

Pressure 

(atm) 

Monomeric  Gas  Path 

Lie 

luid  Path 

h'J 

s 

n 

t‘ 

/' 

h' 

<; 

( 

/> 

1625 

1.0 

2322.2 

1.8342 

0.658 

2334.8 

1.8400 

0.640 

0.2 

2427.2 

2.0165 

0.316 

2439.8 

2.0223 

0.298 

1800 

2.0 

2347.9 

1.7922 

0.609 

2357.9 

1.7968 

0.599 

1.0 

2416.3 

1.8776 

0.442 

2426.3 

1.8822 

0.432 

0.2 

2477.3 

2.0397 

0.264 

2487.4 

2.0443 

0.254 

2000 

5.0 

2345.0 

1.7216 

0.591 

2353.6 

1.7257 

0.586 

1.0 

2491.8 

1.9097 

0.328 

2500.4 

1.9138 

0.323 

0.2 

2527.3 

2.0609 

0.239 

2535.9 

2.0649 

0.234 

2200 

9.0 

2372.8 

1.6892 

0.539 

2380.2 

1.6929 

0.530 

' 

5.0 

2450.8 

1.7631 

0.467 

2458.2 

1.7668 

0.458 

1.0 

2551.7 

1.9331 

0.277 

2559.1 

1.9368 

0.267 

0.2 

2573.9 

2.0791 

0.228 

2581.4 

2.0828 

0.219 

2500 

20.0 

2399.9 

1.6416 

0.512 

2400.4 

1.6431 

0.466 

15.0 

2448.3 

1.6786 

0.482 

2448.8 

1.6802 

0.436 

10.0 

2504.2 

1.7282 

0.431 

2504.7 

1.7297 

0.285  ' 

5.0 

2569.8 

1.8056 

0.341 

2570.3 

1.8071 

0.295 

1.0 

2628.9 

1.9606 

0.243 

2629.3 

1.9622 

0.197  i 

0.2 

2641.3 

2.1031 

0.222 

2641.7 

2.1046 

0.176  1 

A  Comparison  of  the  Monomeric  Gas  Path  and  the 
Liquid  Path  for  Thermodynamic  Calculations 

The  thermodynamic  properties  of  sodii  m  were  computed  along  constant  temperature 
lines.  The  starting  point  for  a  particular  property  could  have  been  the  absolute  value  of 
that  property  for  either  the  saturated  liquid  or  for  the  monomeric  gas  at  1  atm.  As  an 
example  of  using  the  liquid  property  as  a  base,  the  enthalpy  of  the  saturated  vapor  at  a 
given  temperature  is  obtained  by  adding  the  enthalpy  of  vaporization  to  the  corresponding 
aosolute  enthalpy  of  the  saturated  liquid,  and  the  enthalpy  at  any  state  in  the  superheat 
region  is  obtained  by  adding  the  enthalpy  change  in  the  superheat  region  to  the  enthalpy 
of  the  saturated  vapor.  For  the  monomeric  gas  base,  the  enthalpy  of  the  vapor  at  satura¬ 
tion  or  at  any  other  pressure  is  obtained  by  adding  the  enthalpy  change  to  the  correspond¬ 
ing  absolute  viUue  of  the  ideal  gas  at  1  atm.  The  enthalpy  of  the  saturated  liquid  is  then 
obtained  by  subtracting  the  enthalpy  of  vaporization  from  that  of  the  saturated  vapor. 

Three  properties  (enthalpy,  entropy,  and  specific  heat)’  of  sodium  vapor  were  com¬ 
puted  by  both  paths  at  selected  states  in  the  superheat  region  (Table  10)  covering  the 
temperature  range  of  the  measured  data.  The  properties  of  the  liquid  for  the  full  temper¬ 
ature  range  were  obtained  from  Eqs.  (9)  and  (10),  which  are  based  on  the  specific -heat 
measurements  of  Ginnings  et  al.  (18)  and  NRL  and  on  the  absolute  properties  of  solid 


^Preliminary  properties  as  computed  by  the  monomeric  pas  path  (ZU)  were  based  on  incor¬ 
rect  values  for  the  thermal  expansion  of  columbium-1%  zirconium.  They  differ  sipnifi- 
cantly  in  some  cases  from  the  final  values  in  this  report. 
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sodium  at  32°  F  from  the  work  of  Evans  et  al.  (19).  The  base  properties  of  the  monomeric 
gas  were  computed  from  Eqs.  (6),  (7),  and  (8),  which  were  derived  directly  from  the 
nionomeric  gas  properties  of  Evans  (19). 

In  order  for  the  comparison  of  the  two  computational  paths  to  be  more  meaningful, 
several  points  should  be  considered.  The  virial  equation  of  state,  common  to  both  paths, 
was  reduced  from  PVT  data  covering  a  pressure  range  o.  1.86  to  25.1  atm  and  a  temper¬ 
ature  range  of  1758°  to  2588°  F.  The  PVT  data,  therefore,  effectively  cover  the  full  tem¬ 
perature  and  pressure  ranges  of  the  properties  reported  in  AppenJix  B,  and  only  a  short 
extrapolation  of  the  equation  is  required  at  pressure  states  below  1.86  atm.  Even  so, 
small  errors  in  the  specific  volume  of  the  vapor,  resulting  from  an  extension  of  the  virial 
equation  or  from  slight  inconsistencies  in  the  virial  or  in  the  saturated  vapor-pressure 
equations,  will  be  reflected  strongly  in  the  properties  computed  along  the  liquid  path, 
since  these  properties  are  dependent  upon  vaporization  quajitities.  Properties  computed 
along  the  liquid  path  at  higher  temperatures  are  also  influenced  by  any  error  due  to  the 
required  extrapolation  of  the  liquid  specific  heat  above  its  measured  limit,  2150°F. 
Properties  computed  along  the  monomeric  gas  path  are  independent  of  both  the  liquid 
specific-heat  measurements  and  the  vaporization  quantities. 

The  best  comparison  of  the  properties  by  the  two  computational  paths  can  be  made 
at  temperatures  below  2200°  F,  since  this  approximately  represents  the  measured  limit 
of  the  liquid  specific  heat.  In  the  temperature  range  from  1625°  to  2200°  F,  absolute 
enthalpies  in  the  superheat  region,  based  on  the  properties  of  the  saturated  liquid,  were 
8  to  12  Btu/lb  (approximately  0.3  to  0.5%)  higher  than  corresponding  values  based  on  the 
monomeric  gas  properties.  Likewise,  entropies  by  the  liquid  path  were  .004  to  .006 
Btu/lb-°F  (approximately  0.2  to  0.3%)  higher,  and  specific  heats  were  1  to  6%  lower  than 
those  by  the  other  path. 

The  relatively  constant  difference  bet\^een  the  absolute  property  values  as  computed 
by  the  two  paths  over  the  temperature  range  from  1625°  to  2200° F  implies  error  in  base 
properties  along  one  or  both  of  the  two  paths.  There  are,  of  course,  sources  of  error 
along  both  the  liquid  and  the  monomeric  gas  paths.  The  properties  by  the  gas  path  are 
dependent  on  the  value  selected  for  the  heat  of  vaporization  of  solid  sodium  at  0°R  (A//"),, 
and  on  the  statistical  mechanical  calculations  for  the  monomer.  The  value  of  this  heat 
of  vaporization  is  generally  derived  from  vapor-pressure  data.  From  a  third-law  analysis 
of  the  vapor-pressure  data  of  this  Laboratory  using  the  virial  equation  of  state  (see  section 
entitled  “Experimental  Saturation  Pressures”),  a  value  of  25.61  kcal/mole  was  obtained, 
and  this  was  used  for  all  the  thermodynamic  calculations  in  this  report.  Evans  et  al.  (19) 
analyzed  the  vapor -pressure  measurements  existing  at  that  time  and  selected  a  value  of 
25.908  kcal/mole.  If  this  latter  value  had  been  used  for  the  monomeric  gas  calculations, 
the  magnitudes  of  the  absolute  enthalpies  by  the  two  paths  would  be  reversed  from  that 
shown  in  Table  10.  It  is  interesting  to  note  that  an  intermediate  value  of  approximately 
25.76  would  bring  the  enthalpies  by  the  two  paths  into  close  agreement. 

In  Table  10  it  will  be  noted  that  the  enthalpy  of  the  superheated  vapor  at  any  given 
pressure,  if  computed  from  the  liquid  base,  exhibits  an  abnormal  decrease  in  slope 
beginning  at  2200°  F  and  becoming  pronounced  at  2500°  F.  This  is  reflected  in  the 
specific-heat  values  which  at  2500°  F  are  9  to  21%  lower  than  those  computed  by  the 
monomeric  gas  path.  Part  of  this  apparent  error  in  enthalpy  as  computed  along  the 
liquid  path  may  have  resulted  from  the  extrapolation  of  the  liquid  specific  heats  above 
their  measured  range  or  to  errors  in  other  quantities  along  the  two  computational  paths. 

It  is  believed  that  a  part  must  also  be  attributed  to  errors  in  the  enthalpies  of  vaporiza¬ 
tion  resulting  from  small  inconsistencies  in  the  virial  equation  at  higher  pressures. 

Engineering  design  calculations  put  prime  emphasis  on  the  change  in  enthalpy  or 
entropy  when  moving  from  one  state  to  another  rather  than  on  their  absolute  values; 
therefore,  the  choice  of  path  is  of  minor  importance  for  both  these  properties.  However, 


NAVAL  RESEARCH  LABORATORY 


23 


specific  heat  of  the  vapor  would  be  expected  to  be  more  accurate  if  computed  from  the 
monomeric  gas  path,  since  this  path  is  independent  of  vaporization  quantities  and  does 
not  require  an  extrapolation  of  the  specific  heat  of  the  liquid  above  its  measured  range. 
Therefore,  the  monomeric  gas  path  has  been  chosen  for  computation  of  all  the  tabular 
properties  in  this  report. 


Molecular  Reactions  in  Sodium  Vapor 
and  Their  Equilibrium  Constants 

If  it  is  assumed  that  all  molecular  species  behave  as  perfect  gases,  the  association 
of  sodium  vapor  can  be  represented  by  a  series  of  independent  equilibria  of  the  type 


n  Va,  rv/„  (22) 

The  equilibrium  constants  are  defined  by 

^  ^  (23) 

where  n  may  be  2,  3,  o  4  for  the  dimeric,  trin'oric,  and  tetrameric  reactions, 
respectively. 

The  existence  of  the  dimeric  species  has  been  verified  spectroscopically  (22),  but 
the  higher-molecular-weight  species  have  not  been  identified.  Before  equilibrium  con¬ 
stants  could  be  reduced  from  the  raw  PVT  data,  an  identification  of  the  species  higher 
than  the  dimer  was  required.  The  method  employed  with  sodium  was  one  which  has 
been  applied  frequently  to  the  study  of  association  in  hydrogen -bonded  organics  (21). 

The  apparent  equilibrium  constant  of  dimerization  when  all  association  is  taken  to  be 
dimerization,  can  be  expressed  as  a  power  series  (21) 


!  k  t  2k .p 


2ky 


'.k^k^P^  t 


(24) 


in  terms  of  the  pressure  and  the  true  equilibrium  constants  of  the  association  reactions. 
The  apparent  dimerization  constants  at  a  given  temperature  may  be  computed  from  the 
raw  PVT  data,  and  the  relationship  of  the  apparent  constants  to  pressure  may  be  used 
to  predict  the  higher  reactions  present  in  the  vapor  and  to  compute  their  equilibrium 
constants. 

Although  the  possibilitj  of  the  coexistence  of  significant  amounts  of  both  trimer  and 
tetramer  was  recognized,  the  existence  of  only  one  higher-molecular-weight  species  was 
believed  to  be  more  probable.  If  PVT  data  are  of  sufficiently  high  precision,  a  distinction 
between  trimer  and  tetramer  can  be  made  with  Eq.  (24).  If,  in  a  vapor  mixture,  species 
of  molecular  weight  higher  t'lan  the  trimer  are  not  present,  Eq.  (24)  (by  setting  k  ^  o) 
reduces  to 


A-'  -  2klp^  ^  k^  t  2k^p  • 


(25) 


Likewise,  if  the  trimeric  species  is  taken  as  insignificant,  the  same  equation  reduces  to 


A-2  +  2k,^ky  -  k^  <  ‘^k y  . 


(26) 
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When  proper  adjustments  are  made  for  the  small  p  '  term  in  Eqs.  (25)  and  (26),  a 
linear  relationship  between  tk\  -  )  and  ;<  implies  the  existence  of  trimer,  while  a 

linear  relationship  between  (k!,  i  ‘ik\,k^p*i  and  />-  implies  the  existence  of  tetramer. 
Accordingly,  the  fit  of  each  relationship  (Figs.  10  and  11)  to  the  experimental  PVT  data 
for  sodium  at  2525°  F  was  tested.  The  vertical  line  for  each  data  point  represents  the 
probable  error  assigned  to  each  equilibrium  constant.  It  will  be  noted  that  the  tetramer 
relationship  (Eq.  (26)  and  Fig.  11)  provides  th'^  best  fit  to  the  experimental  data.  This 
was  also  true  in  a  similar  test  made  with  the  PVT  data  for  potassium  (la).  Therefore, 
the  assumption  that  sodium  vapor  consists  of  monomeric,  dimeric,  and  tetrameric  species 
is  based  on  evidence  from  the  two  alkali  metal  systems. 

Equilibrium  constants  for  the  dimeric  and  tetrameric  association  reactions  of 
sodium  were  reduced  from  the  PVT  data  with  Eq.  (26)  by  the  same  method  as  that 
described  in  the  potassium  report  (la).  The  temperature  of  2525° F  was  again  chosen  as 
a  basis  for  the  adjustment  of  the  experimental  data.  At  this  temperature,  k',  was  plotted 
versus  ( :\p-  -  2k.,p  ')  on  successive  graphical  plots  until  a  final  curve  was  obtained  for 
which  the  intercept  was  not  significantly  different  from  the  estimated  from  the  previous 
plot.  The  factor  required  for  each  of  the  nine  PVT  experiments  to  correct  the  average 
molecular  weight  of  the  vapor  for  the  apparent  systematic  error  was  computed  from  the 
deviation  of  A:  '  from  the  best  linear  curve.  The  plot  of  k  ’  versus  <  .^p  '  ■  'ik  ji'')  is  not 
presented,  since  the  equivalent  plot  of  f/t'  +  ik^k^p'')  versus  p-  \i;a.s  presented  as  Fig.  11. 
Deviations  of  experimental  points  and  the  probable  errors  assigned  to  the  points  are  not 
altered  by  the  slightly  different  method  of  plotting  the  data. 

Assuming  iUl  errors  to  be  systematic,  the  apparent  equilibrium  constants  of  dimeri¬ 
zation  i-o  for  each  of  the  nine  experiments  were  ^justed  at  all  temperatures  by  the  multi¬ 
plying  factor  obtained  at  2525°F.  The  adjusted  values  of  ,  identified  as  <  k'j’\  were 
plotted  as  a  function  of  cip  ’  -  2k. ,p  ')  for  isotherms  at  50-degree  intervals  between  2125° 
and  2575°  F;  and  the  thermodynamic  constants  for  the  dimeric  and  tetrameric  reactions 
were  obtained  from  these  plots.  The  values  of  each  equilibrium  constant  were  effectively 
fitted  for  the  full  temperature  range  by  a  simple  exponential  relationship  ini  7 ,  and  the 
resulting  equations  are  presented  in  the  next  section. 

A  few  experimental  PVT  points  were  obtained  between  1775°  and  2125"F.  Since 
dimerization  is  still  significant  at  these  temperatures,  the  reliability  of  Eqs.  (27)  and 
(28)  in  this  region  had  to  be  determined  by  testing  the  agreement  of  extrapolated  and 
experimental  points.  Experimental  values  of  x-..  for  each  observed  k',  below  2125°F 
were  computed  with  Eq.  (26)  (values  of  A-  ,  were  obtained  from  Eq.  (28))  and  these  values 
vere  found  to  be  in  satisfactory  agreement  with  those  obtained  by  an  extrapolation  of 
Eq.  (27). 

It  should  again  be  recognized  that  the  adjustment  procedure  was  used  only  as  a 
technique  in  the  reduction  of  data.  The  average  adjustment  factor  was  ±0.31%  of  , 
and  in  no  case  did  a  factor  exceed  0.8%. 

Theoretically  the  equilibrium  constants  derived  for  the  dimerization  reaction  should 
be  independent  of  the  assumptions  made  regarding  imperfections  in  the  vapor,  since  k.^ 
for  any  type  of  imperfection  is  the  lim  k\  as  p  -  o.  For  the  sodium  data  this  was  not 
true.  The  intercept  or  A,  for  each  isotherm  had  to  be  defined  in  part  by  the  higher  pres¬ 
sure  data,  since  data  at  pressures  below  8  atm  were  too  few  and  of  too  low  precision. 
Therefore,  the  magnitude  of  the  dimerization  constant  was  affected  to  the  extent  of 
several  percent  by  the  assumptions  regarding  gas  imperfections. 
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Fig.  10  -  Plot  of  (  k -  iA-'/,  S  versus  for  sodium  at  Z5Z5°F 
(vertical  line  for  each  point  represents  probable  error) 
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Fig.  11  -  Plot  of  '  t  2k  ,k  versus/)^  for 
sodium  at  2525°F  (vertical  line  for  each  point 
represents  p  r  obable  e  r  ror  ) 
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The  Quasi-Chemical  Equation  of  State  of  Sodium 

The  second  equation  of  state  of  sodium  vapor  consists  of  the  three  equations,  '' 


lo^A-,  -i.:t2W  4 

(27) 

og  X*  j  -  I0.6i  9H  f  -  ^ 

(28) 

(29) 

The  observed  specific  volume  data  in  Table  2,  or  the  corresponding  compressibility 
factors,  may  be  computed  from  these  three  equations  with  an  average  deviation  of  ±0.26%. 
This  equation  of  state,  therefore,  is  equivalent  to  the  virial  form  and  may  also  be  used  to 
compute  other  thermodynamic  properties. 


Compositional  Properties  of  Sodium 
by  the  Quasi-Chemical  Method 

Enthalpies  of  the  Dimeric  and  Tetrameric  Reactions  in  Sodium  Vapor  -  Enthalpies 
of  the  two  reactions  were  obtained  with  the  van’t  Hoff  equation 


<l  InJ;  (3Q 

ill  in- 

by  substituting  the  known  differentials  from  Eqs.  (27)  and  (28).  The  standard  enthalpies 
so  obtained  are 


2Srt  m,  Mill  Il>-mi>lp  or  ■  I K. no  mi’un  Lc.il  moir 

■\Sa  11"  *7  >,06  I  Hill  ll)-niiilr  or  ■  1 1.  18  nu-iin  kcol  mole  . 

Within  the  precision  of  the  measurements,  each  reaction  enthalpy  was  constant  for  the 
temperature  range  of  the  observed  equilibrium  constant. 

The  magnitude  of  the  dimerization  equilibrium  constant  has  been  shown  to  be  depen¬ 
dent  upon  the  choice  of  the  higher-molecular-weight  species.  On  the  other  hand,  the 
temperature  dependency  of  A-,,  upon  which  the  reaction  enthalpy  is  based,  is  practically 
independent  of  this  assumption;  and  a  probable  error  of  ±0.46  kcal/mole  has  been 
assigned  to  Ml" .  The  enthalpy  of  the  tetrameric  reaction  can  be  influenced  by  the  treat¬ 
ment  of  imperfections,  unless  it  is  assumed  that  all  simple  collisions  leading  to  inter- 
molecular  attractions  can  be  treated  ideally  as  molecular  association.  In  any  event,  no 
assignment  of  accuracy  has  been  made  for  the  enthalpy  of  this  reaction. 

The  association  enthalpy  at  absolute  zero  of  the  dimeric  reaction  was  calculated  by 
two  methods.  A  value  of  -17.0  kcal/mole  was  obtained  at  an  average  temperature  of 
2250°  F  with  the  equation 


(Ml"),  Mil  -  ^(ll"  -  II")22  (31) 

’■'Preliminary  equilibrium  constants  (29)  for  the  dimerization  and  tet  rame  rization  reactions 
were  based  on  incorrect  thermal  expansion  coefficients  for  columbium-1%  zirconium. 
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using  the  observed  reaction  enthalpy  and  the  computed  enthaloy  functions  of  Evans  et  al. 
(19).  Another  value  of  -16.8±0.05  kcal/niole  (which  is  an  average  for  the  temperature 
range  from  1800°  to  2400°  F)  was  obtained  with  the  equation 


(■//"), 


i{  III  <•, 


'  "  2 


7 


2  s 


(31  A) 


using  the  observed  equilibrium  constants  and  the  computed  free-energy  functions  of 
Evans.  The  agreement  between  the  enthalpy  constants  as  computed  by  the  two  methods 
increases  the  degree  of  confidence  which  Ciui  be  placed  in  the  measured  quantity  ajid  the 
computed  thermal  functions.  The  viUue  of  -17.0  may  be  compared  to  the  spectroscopic 
value  of  -17.53  by  Herzberg  (22)  ajid  to  the  molecular-beam  value  of  -16.91  by  Lewis  (23). 

Equilibrium  Composition  of  Saturated  and  Superheated  Sodium  Vapor  -  The  relative 
amounts  of  dimer  and  tetramer  in  the  equilibrium  vapor  and  the  average  molecular  weight 
of  the  vapor  at  each  pressure  and  temperature  state  (Appendixes  C  and  D)  were  computed 
by  a  modification  of  the  method  of  Ritter  and  Simons  (24),  which  was  presented  in  detail 
for  potassium  (la).  T'le  application  of  this  method  required  a  knowledge  of  the  average 
molecular  weight  of  the  vapor  and  the  two  equilibrium  constants.  With  equilibrium  con¬ 
stants  obtained  from  Eqs.  (27)  and  (28),  the  average  molecular  weight  of  the  vapor  at  a 
given  state  was  computed  from  the  three  equations 


Aj  -  L-j  ♦  ^k^p‘  ■  2k 

(32) 

2 

k\  --  — 

(33) 

t/,  -  \;i/,  4  v,'(  jw.)  . 

(34) 

Enthalpy  of  Vaporization  of  Monomeric  Sodium  Vapor  -  This  quantity  from  1600°  to 
2575°  F  is  presented  in  Appendix  C  and  was  computed  with 

^  (35) 


Thermodynamic  Properties  of  Sodium  by  the 
Quasi-Chemical  Method  (Monomeric  Gas  Path) 

Enthalpy  of  Saturated  ajid  Superheated  Vapor  -  As  with  the  virial  method,  the  enthal¬ 
pies  of  the  vapor  were  computed  along  isotherms  with  the  enthalpy  of  the  monomeric  gas 

at  each  temperature  as  a  starting  point.  Since  ^  -  «  for  a  perfect  gas,  any  change 

in  enthalpy  must  result  from  the  association  reactions;  and  the  general  equation  for  the 
absolute  enthalpy  is 


♦  >‘2^2  * 

The  last  two  terms  in  this  equation  represent  the  enthalpy  changes  contributed  by  each 
species  in  moving  from  zero  to  some  finite  concentration. 

^troj)y  of  Saturated  and  Superheated  Vapor  -  The  general  entropy  equation  along  a 
constant  temperature  line  is 
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A  Comparison  of  the  Thermodynamic  Properties  by  the  Virial  and 
the  Quasi-Chemical  Methods  (Monomeric  Gas  Path) 


Enthalpies  and  entropies  of  selected  vapor  states  of  sodium  were  computed  by  the 
quasi-chemical  method  for  comparison  with  those  by  the  virial  method.  These  are  pre¬ 
sented  graphically  as  a  partial  Mollier  diagram  (Fig.  12)  and  compared  to  the  correspond¬ 
ing  diagram  generated  by  the  virial  method.  Enthalpy  and  entropy  changes  along  constant 
temperature  lines  as  computed  by  both  methods  are  in  good  agreement.  For  example, 
the  maximum  enthalpy  changes  by  the  quasi-chemiciil  method  (from  i>^  to  0.2  atm)  for 
temperatures  in  the  measured  range  of  the  PVT  data  0725°  to  2500° F)  are  im  average 
of  only  1.0%  different  from  corresponding  changes  by  the  virial  method.  Similarly,  entropy 
changes  by  the  quasi-chemical  method  are  only  0.3%  different  from  corresponding  changes 
by  the  virial  method. 


Although  the  two  equations  of  state  are  essentially  equivalent,  the  thermodynamic 
properties  as  computed  by  the  virial  method  have  been  selected  over  those  by  the  other 
method  for  several  reasons:  (a)  higher  confidence  in  the  thermodynamic  relationships 
of  the  virial  method,  (b)  the  appreciable  error  that  may  be  generated  in  quantities  com¬ 
puted  from  equilibrium  constants  and  enthalpies  of  the  reactions  by  the  assumption  of 
linear  relationships  for  the  variation  of  log  <•,  with  1/T,  and  (c)  the  relative  simplicity 
of  the  calculation  of  the  specific  heat  of  the  vapor  by  the  virial  method.  All  the  final 
thermodynamic  properties  of  sodium  in  Appendixes  A  and  B  iind  in  the  Mollier  diagram 
(Fig.  13)  were  computed  by  the  virial  method. 
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Fig.  12  -  Comparison  of  partial  Mollier  diagram  for  sodium 
by  quasi -chemical  method  with  that  by  virial  method 
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Fig.  13  -  Mollii’i'  diagram  of  sodium  va|)or 
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DISCUSSION  OF  QUASI-CHEMICAL  TREATMENT 
AND  COMPOSITIONAL  INFORMATION 


The  PVT  results  have  been  satisfactorily  interpreted  bv  a  quasi-chemical  approach 
assuming  that  sodium  vapor  is  an  ideal  mixture  of  monomeric,  dimeric,  and  tetrameric 
species.  This  physical  picture  of  the  vapor  is  based  solely  on  the  thermodynamic  analysis 
of  observed  PVT  results.  The  existence  of  the  dimeric  species  has  been  verified  spectro¬ 
scopically  (22),  but  the  tetramer  has  not  been  identified  by  any  other  type  of  measurement. 
It  was  recognized  that  other  molecular  states  of  the  vapor  with  their  corresponding  formu¬ 
las  might  be  equally  as  effective  in  a  treatment  of  the  data.  As  a  test  of  this  hypothesis, 
the  sodium  results  were  analyzed  as  an  imperfect  mixture  of  monomeric  and  dimeric 
species. 


The  van  der  Waals  equation  was  chosen  to  treat  the  gas  imperfections  (interactions 
01  atoms  or  molecules  not  leading  to  stable  assemblies).  This  equation  of  state 


(38) 


for  an  imperfect  vapor  with  a  dimer  equilibrium  was  derived  by  Vukalovich  et  al.  (28). 
The  value  of  ,  which  represents  the  excluded  volume  correction,  can  be  reliably  esti¬ 
mated  from  the  condensed  volume  (la).  The  mixture  law  used  by  Vukalovich  in  deriving  the 
internal  pressure  term  <7,  r"  is  not  valid  for  metal  vapors,  and  «  ,  would  be  expected  to 
vary  with  both  composition  and  temperature.  However,  since  the  dimer  content  of  the 
vapor  is  small  and  the  reduced  temperature  range  is  short,  the  coefficient  «,  has  been 
assumed  to  be  a  constant.  The  value  of  this  coefficient  cannot  be  estimated  theoretically 
and  must  be  obtained  empirically  by  fitting  Eq.  (38)  to  the  PVT  data. 


The  objective  was  to  see  whether  or  not  another  physical  state  of  the  vapor  would  cor¬ 
relate  the  PVT  results,  and  no  attempt  was  made  to  determine  exact  equational  fits.  How¬ 
ever,  it  was  readily  apparent  that  a  value  of  a,  for  Eq.  (38)  could  be  found  for  which  the 
corresponding  dimerization  constants  were  independent  of  pressure  along  isotherms  over 
the  full  temperature  range.  It  was  concluded  that  an  effective  equation  of  state  could  be 
obtained  in  terms  of  the  van  der  Waals  relationship  and  the  corresponding  equilibrium 
constants  of  the  dimerization  reaction. 


A  direct  implication  of  this  analysis  is  that  several  physical  states  of  the  vapor, 
including  an  impo*’fcct  mixture  of  monomeric,  dimeric,  and  trimeric  species,  would  also 
satisfy  the  PVT  data.  This  is  not  surprising.  Although  these  gas  imperfections  may  in 
reality  result  either  from  the  interaction  of  species  or  from  molecular  association,  they 
are  all  close  approaches  of  atoms  or  molecules  and  differ  mainly  in  longevity  or  average 
life  of  contact.  This  study  of  molecular  models  only  serves  to  emphasize  that  imperfec¬ 
tions  of  either  type  may  be  pi  operly  treated  from  the  thermodynamic  standpoint  a3  inter¬ 
actions  or  as  associated  molecules. 


All  applications  of  the  molecular  composition  information  for  the  vapor  states  of 
sodium  (Appendixes  C  uid  D)  should  be  made  with  full  realization  that  all  values  are 
based  on  the  most  probable  model  or  on  the  most  probable  set  of  assumptions  regarding 
imperfections.  If,  at  a  later  date,  the  higher-molecular-weight  species  is  positively 
identified  to  be  other  than  the  tetramer  or  if  it  becomes  possible  to  partition  the  inter¬ 
action  imperfections  from  association,  the  PVT  data  can  be  readily  reanalyzed  using  the 
correct  model. 
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DISCUSSION  OF  THERMODYNAMIC  AND  ENGINEERING 
PROPERTIES  OF  SODIUM 

The  engineering  and  thermodynamic  properties  of  sodium/'  which  are  presented  in 
Appendixes  A  and  B  and  in  the  large  Mollier  diagram  (Fig.  IJ),  were  computed  by  the 
virial  method  and  are  based  on  the  monomeric  gas  properties  at  1  atm.  '"rwo  basic  rela¬ 
tionships,  the  virial  equation  of  state  and  the  vapor-pressure  equation,  were  used  with 
the  thermodynamic  equations  to  derive  the  superheat  and  saturation  properties.  The 
virial  equation  was  reduced  from  PVT  data  covering  a  pressure  range  of  1.86  to  25.1 
atm  and  a  temperature  range  of  1758°  to  2588° F.  The  satura.i  d  vapor-pressure  equa¬ 
tion  represents  data  covering  a  pressure  range  of  1.00  to  23.82  atm  and  a  temperature 
range  of  1618.6'"  to  2539°  F.  Thus  the  observed  data  effectively  cover  all  states  in 
Appendixes  A  and  B,  and  only  short  extrapolations  with  Eqs.  (1)  and  (14)  are  required 
for  the  pressure  states  below  1.86  atm.  In  contrast  to  ♦he  compositional  information, 
these  properties  are  completely  independent  of  any  a  mptions  made  regarding  imper¬ 
fections.  They  have  been  examined  and  evaluated  by  several  tests  for  internal  consi  4ency 
and  by  duplicate  calculations  using  two  independent  equations  of  state.  It  is  believed  that 
they  represent  the  best  values  and  that  they  will  be  satisfactory  for  any  type  of  calculation 
required  in  the  design  of  turbines  using  sodium  as  working  fluid. 

The  present  study  represents  the  only  known  PVT  measurements  of  sodium.  How¬ 
ever,  there  are  a  number  of  publications  in  which  thermodynamic  properties  of  the  vapoi 
have  been  computed  from  saturation  pressures,  spectroscopic  data,  and  published  thermo¬ 
dynamic  functions  of  the  monomeric  and  dimeric  vapors.  The  properties  derived  in  this 
report  from  the  PVT  study  were  compared  with  those  derived  in  two  recent  publications 
by  Makansi  et  al.  (25)  and  Weatherford  et  al.  (26),  and  the  overall  agreement  is  good. 

If  we  arbitrarily  take  the  NRL  data  as  a  reference  and  compare  at  each  temperature 
enthalpy  and  entropy  changes  from  p,  tc  0.3  atm,  the  enthalpy  changes  reported  by 
Makansi  are  5  to  20%  lower  and  the  entropy  changes  on  the  average  differ  by  1.4%.  By  a 
similar  comparison  ( p,  to  0.2  atm),  the  enthalpy  changes  reported  by  Weatherford  are  an 
average  of  8%  higher,  and  the  entropy  changes  differ  by  ±0.6%. 

As  background  for  the  present  study,  thermodynamic  properties  of  sodium  vapor 
were  computed  at  NRL  (27)  using  the  saturation  pressures  of  Makansi  et  al.  (8)  and  the 
thermodynamic  functions  of  Evans  et  al.  (19).  If  we  again  take  the  properties  derived 
from  the  PVT  measurements  as  a  reference  and  compare  at  each  temperature  the  enthalpy 
ajid  entropy  changes  from  p,  to  0.2  atm,  the  enthalpy  changes  estimated  previously  are 
an  average  of  11%  higher,  and  the  entropy  changes  are  an  average  of  3.9%  lower  than  those 
observed  in  this  report. 

Saturation  pressures  of  sodium  were  measured  between  1437°  and  2539" F  with  the 
null-point  apparatus.  This  method,  which  is  new  to  the  measurement  of  saturation  pres¬ 
sures  at  high  temperatures,  has  been  shown  to  be  capable  of  high  accuracy.  The  precision 
and  internal  consistency  of  the  saturation  measurements  are  attested  to  by  the  small 
variation  in  (  v/") ,,  as  computed  for  all  the  vapor-pressure  data  and  by  the  small  devia¬ 
tion  (±0.37%)  of  all  measured  data  from  a  simple  three-term  equation.  In  the  previous 
study  on  potassium  (la)  an  equation  of  the  Kirchhoff  type  was  effective  in  fitting  the  satur¬ 
ation  pressures.  This  study  with  sodium  reaffirms  that  an  equation  of  this  type  is 
required  to  describe  accurately  the  dependence  of  vapor  pressure  on  temperature. 

Densities  of  the  condensed  phase  were  measured  in  the  temperature  range  from 
1577°  to  2491°  F  with  pycnometers.  This  method  was  time  consuming  since  an  independent 
measurement  was  required  at  each  temperature  point,  but  results  of  unquestionable 
accuracy  were  obtained.  With  these  new  measurements  and  those  generated  by  several 


•^Preliminary  tables  of  thermodynamic  properties  (29)  were  based  on  incorrect  thermal 
expansion  values  for  columbium-I%  zirconium. 
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other  investigators  at  lower  temperatures,  overlapping  determinations  have  b?en  made 
from  the  melting  point  to  2491°  F;  and  the  density  of  liquid  sodium  is  well  defined  for  this 
full  temperature  range. 

The  specific  heat  of  the  condensed  phase  was  measured  from  212°  to  2140°  F.  Values 
at  intermediate  temperatures  from  212°  to  1200°  F  were  measured  under  ideal  conditions 
and  are  in  good  agreement  with  the  specific-heat  data  of  Ginnings  et  al.  (18).  The  values 
at  higher  temperatures  were  measured  under  less  ideal  conditions  with  relatively  high 
probable  errors,  but  they  do  tend  to  substantiate  an  extension  of  the  specific-heat  data 
of  Ginnings.  A  more  accurate  knowledge  of  this  property  above  2200°  F  is  needed. 

The  liquid  metal  program  at  this  Laboratory  is  only  a  small  part  of  the  total  national 
effort  in  this  area.  The  internal  consistency  and  the  confid=»nce  limits  of  the  properties 
of  sodium,  potassium,  and  cesium  can  be  more  fully  evaluated  as  additional  properties 
are  measured  for  the  three  metals.  Particularly  important  in  this  respect  would  be 
reliable  determinations  of  the  heat  of  vaporization,  the  specific  heat  of  liquid  and  vapor, 
and  the  electrical  conductivity  of  the  vapor.  A  direct  determination  of  the  heat  of  vapori¬ 
zation  would  help  to  evaluate  the  thermodynamic  computation  of  this  quantity  from  the 
Clapeyron  equation.  Similarly,  a  direct  determination  of  the  specific  heat  of  the  vapor 
would  test  the  values  computed  from  the  virial  equation  of  state,  and  a  determination  of 
the  electrical  conductivity  would  provide  additional  information  on  the  degree  of  ioniza¬ 
tion  of  the  vapor. 
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NOMENCLATURE  AND  UNITS 

H  second  virial  coefficient,  cu  ft/mole 
r  third  virial  coefficient,  (cu  ft)-/(mole)'^ 

I)  fourth  virial  coefficient,  (cu  ft)  /(mole) ^ 

Cp  specific  heat  at  constant  pressure,  Btu/lb-°F 
,/  density,  Ib/cu  ft 

/  free  energy,  Btu/lb 

F  free  energy,  Btu/lb-mole 

h  enthalpy  per  unit  nr.ass,  Btu/lb 

A  A  enthalpy  change  per  unit  mass,  Btu/lb 

AAj  enthalpy  change  for  the  formation  of  a  unit  mass  of  dimer  from  monomer,  Btu/lb 

.\fi  ^  enthalpy  change  for  the  formation  of  a  unit  mass  of  tetramer  from  monomer, 

Btu/lb 

AA,,  enthalpy  change  upon  vaporization  of  a  unit  mass  at  equilibrium,  Btu/lb 

^h  enthalpy  change  upon  vaporization  of  a  unit  mass  of  monomer,  Btu/lb 

“  I 

H  enthalpy  per  mole,  Btu/lb-mole 
A//  enthalpy  change  per  mole,  Btu/lb-mole 

A/Zj  enthalpy  change  for  the  formation  of  one  mole  of  dimer  from  monomer,  Btu/lb-mole 

A//  enthalpy  change  for  the  formation  of  one  mole  of  t'‘tramer  from  monomer, 

*  Btu/lb-mole 

AH,  enthalpy  change  upon  vaporization  of  a  mole  at  equilibrium,  Btu/lb-mole 
j  any  unit  conversion 
i(  equilibrium  constant 

*'  apparent  equilibrium  constant  assuming  only  diatomic  and  monatomic  species 
w  molecular  weight 
V  mole  fraction 
p  absolute  pressure,  atm 
K  gas  constant 

N  entropy  per  unit  mass,  Btu/lb-°F 

entropy  change  upon  vaporization  of  a  unit  mass  at  equilibrium,  Btu/lb- °F 
T  absolute  temperature,  °R 
r  temperature,  °F 

r  molal  volume  (normally  per  formula  weight  of  monomer),  cu  ft/lb-mole 
specific  volunie,  cu  ft/lb 
2  compressibility  factor,  pV  7zr 

Subscripts 

.1  quantity  for  equilibrium  molecular  mixture 
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'  quantity  for  the  vapor  in  a  state 

0  quantity  at  0°R 

p  constant  pressure  change 

v  quantity  at  saturation 

>  constant  temperature  change 

I  quantity  for  monatomic  species 

’  quantity  for  diatomic  species 

>  quantity  for  triatomic  species 

4  quantity  for  tetratomic  species 

Superscripts 

y  quantity  in  gas  state 

l  quantity  in  liquid  state 

«  standard  state,  1  atm  for  gas 

'  apparent  quantity,  when  assuming  only  diatonac  and  monatomic  species 
•  adjusted  value 
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APPENDIX  B 


THERMODYNAMIC  PROPERTIES  OF  SODIUM  VAPOR 
(Monomer  Gas  Base) 
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1,78794 

.6530 

1750. 

1.0000 

66.6492 

.93392 

2393.04 

1.66719 

.4689 

1750. 

.fcfUO 

83,0403 

.94650 

2410.14 

1,89306 

.4395 

1750. 

.*ron 

112,2335 

.95944 

2427.69 

1.92469 

.3870 

1750. 

.*000 

1/0,6/65 

.97269 

2445.61 

1,96666 

.3319 

1750. 

.2'-00 

3*6,1001 

.98622 

2463.86 

2.03362 

.2746 

1775. 

2.u7*n 

30,1878 

.88206 

2327.41 

1,78032 

.8462 

1776. 

2 .  n  n  ii  r 

31,4293 

.88557 

2332.24 

1.76526 

,6396 

1776. 

l.CCb" 

56,6297 

.93869 

2404.95 

1.87255 

.4844 

1776. 

.Boon 

84.32/4 

.95042 

2420.67 

1,69789 

.4189 

1775. 

.6100 

113,8687 

.96244 

2437.16 

1,92696 

.3710 

1776. 

.400" 

1/2.9687 

.97473 

2*63.76 

1.97033 

.3209 

1776. 

.2!  0>' 

360.3840 

.98726 

2470.66 

2,03668 

.2691 

l»0O. 

2.3"B5 

27.5441 

,87932 

2329.11 

1.77295 

,8430 

1*00. 

2 . 0"(j" 

32.0*67 

.89294 

2347.85 

1.79221 

.6094 

1000. 

l.Cr C" 

67,68/6 

.94305 

2416.27 

1.87759 

.4422 

1*00. 

.BOO" 

86.6905 

.95398 

2431.11 

1.90245 

.4305 
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APPENDIX  B 

THERMODYNAMIC  PROPERTIES  OF  SODIUM  VAPOR  (cont’d) 
(Monomer  Gas  Base) 


t 

P 

s 

kt 

•7 

S' 

«000. 

b.'iouo 

13.4166 

.85863 

2345.00 

1.72163 

.5911 

20on, 

4.000" 

17,2135 

.88130 

2375.74 

1,75090 

.9*26 

200^. 

3.'JOUO 

23,6232 

.90710 

2410.81 

1,76739 

.9070 

2000. 

2.0000 

36,5545 

.93576 

2449.70 

1.83551 

.4273 

2000. 

1 .0.000 

75,5434 

.96668 

2491.79 

1,90968 

.3264 

2000. 

.5'-00 

95.0582 

.97336 

2500.53 

1,93194 

.3068 

2000. 

.ftOOO 

127.5979 

.97991 

2509.37 

1.95981 

.2*47 

2000. 

.4000 

192.6913 

.98654 

2518.29 

1,99789 

.2*22 

2000. 

.20  0" 

397.9956 

.99324 

2527.31 

2,06085 

.2393 

2020. 

5,4094 

12,3502 

.85589 

2346.69 

1.71575 

.9*42 

2025. 

5.000" 

13,6585 

.86532 

2359.61 

1,72753 

.97*8 

202S. 

4.000" 

17.5096 

.88744 

2389.57 

1.75649 

.9437 

2025. 

S.I.nO" 

23,9967 

.91224 

2423.24 

1.79242 

,4*77 

2025. 

2,cro" 

37.0/36 

.93950 

2460.18 

1,63975 

.4117 

2025. 

1.000" 

76.4659 

.96888 

2499.69 

1,91296 

.319* 

2025. 

.600" 

96, 5637 

.97497 

2508.11 

1,93501 

.299* 

2025. 

.60  0" 

129.0557 

.98114 

2516.42 

1,96266 

.2793 

2025. 

.  4t  0" 

194.612.4 

.98737 

2524.80 

2.00052 

,2989 

2025. 

.2"0ll 

392,10611 

.99365 

2533.26 

2,06326 

.2374 

2050. 

5. 9"05 

11, 4127 

.85336 

2349.09 

1,71028 

.9773 

2050. 

6.000" 

13.6965 

.87175 

2373.63 

1.73323 

.9*14 

2050. 

4. COO" 

17,8016 

.89325 

2402.93 

1.76184 

.9291 

2050. 

3.0PC" 

24.3680 

.91706 

2435.20 

1.79721 

.4*96 

205". 

2.3"0" 

37,5349 

. 94297 

2470.29 

1.84379 

.3973 

205". 

l.OCO" 

77,3820 

.9/072 

2517.78 

1.91612 

.311* 

2050, 

.oro" 

97,2998 

.97646 

2515.52 

1,93797 

.2931 

2050, 

.ft''0" 

130.5039 

.98226 

2523.34 

1.96543 

.2743 

2050. 

.400" 

196,9235 

.98812 

2531.22 

2,00309 

.2992 

2050. 

.2"0" 

396,2036 

.99404 

2539.18 

2,08563 

.2397 

2075. 

6.4i45 

10,5637 

.85063 

2351.31 

1,7049* 

.9709 

2075. 

6.0"0'’ 

11.5286 

.65916 

2362.44 

1.71508 

.96*4 

2  75. 

5.0C0" 

14.1361 

.87791 

2387.67 

1.73872 

.9493 

2075. 

4. 0000 

18.0894 

.89674 

2415.83 

1,7869* 

.90/1 

2075. 

3.o:o" 

24.7315 

.92155 

2446.73 

1,80178 

.4927 

2075. 

2.0000 

38,0970 

.94619 

2480.06 

1,84767 

.3*42 

2075. 

1,000" 

78,2898 

.97242 

2515.47 

1,91917 

.3043 

2075. 

98.4074 

.97784 

2522.77 

1.94085 

.2872 

2075. 

.500" 

13l.,9435 

.98331 

2530.14 

1.96813 

.2698 

2075. 

.  4"0" 

199,0259 

.98882 

2537.56 

2,00561 

.2922 

2075. 

,2-.0-' 

400,2922 

.99439 

2545.05 

2,0879* 

.2342 

210C. 

7. J«24 

9,7935 

.84829 

2353.56 

1.69978 

.9*39 

2100. 

7. C"U1 

9,8604 

.64895 

2354.43 

1,70056 

,9637 

2100. 

6.C"Qn 

11,7276 

.86546 

2376.45 

1,72058 

.993* 

2100. 

5.  J"0" 

14,3/11 

.88378 

2401.10 

1,74399 

.9290 

2100. 

4 . 0  "  0  " 

18,3/29 

.90391 

2428.29 

1.77185 

.489* 

2100. 

3.0"0" 

25.0893 

.92576 

2457.85 

1.80*14 

.43*9 

2100. 

2.0'0" 

38,5862 

.94916 

2489.51 

1,8513* 

.3722 

2100. 

l.uCO" 

79,1700 

.97400 

2523.00 

1,92212 

.2977 

2100. 

.5i  0" 

99.5071 

.97911 

2529.89 

1,94364 

.2*19 

2100. 

.fri’O" 

133,3751 

.98427 

2536.83 

1.97076 

.2898 

2100. 

.  4  '•  U  " 

201.1202 

.98947 

2543.63 

2.00807 

.2494 

2100. 

.i"0" 

404,3/26 

.99471 

2550.69 

2,07025 

.232* 

2125. 

7.6  5* 

9.0913 

.84573 

2355.61 

1,69474 

.9974 

2125. 

7.oro" 

10.0308 

.65526 

2366.41 

1.70*00 

.9944 

2125. 

e.t"0" 

11.9251 

.87152 

2390.12 

1.72590 

.9399 

2125. 

5.0(0" 

14,6031 

.86937 

2414.12 

1.74905 

.912* 

2125. 

4,0000 

18.6523 

.90878 

2440.33 

1.77653 

.4733 

2125. 

3.oron 

25,4418 

.92968 

2468.58 

1,81032 

.4222 

2125. 

2.0000 

39,07/1 

.95196 

2498.68 

1,85494 

.3*11 

2125. 

l.OCO" 

80.0832 

.97545 

2530.36 

1,92499 

.2917 
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APPENDIX  B 

THERMODYNAMIC  PROPERTIES  OF  SODIUM  VAPOR  (cont’d) 
(Monomer  Gas  Base) 


t 

p 

vP 

J 

hP 

,P 

21  2  b. 

,t'Z' 

10(1 . 5V97 

. 98028 

2556.87 

1,94636 

.2770 

212'5. 

.  6  r  u  1 

134. 7v95 

. 98516 

2543.43 

1,97332 

.2621 

2l2b. 

.5  0" 

2nj.2U/l 

.99007 

2550.04 

2.01048 

,2469 

212b. 

.2  GO 

4ua.443, 

. 9950 J 

2556.69 

2,0’251 

.2315 

2150  . 

8. 485/ 

. 84315 

2358.08 

1,66983 

.5513 

2150  . 

8 . 0 "  a  0 

8.7/42 

.34681 

2362.86 

1.69404 

,5509 

2150  . 

7 .  a  '  0  ^ 

1  U  .  2  G  li  5 

. 36140 

2382.14 

1,71128 

.5435 

215C  . 

ft  .  0  '  0  " 

12. 12U8 

.87734 

2403.44 

1. 73102 

.5257 

2150  . 

5 . 0 '  a " 

14,8J22 

.39467 

?4"6. 74 

1.75391 

.4970 

2150  . 

4  .  0  '  J  ' 

18.92/7 

. 91336 

2451 .96 

1.78101 

.4577 

2150  . 

J.O'O" 

25. 73V3 

.93335 

2478.97 

1.81432 

.4086 

2150  . 

2.0-00 

39. 5623 

. 95454 

2507.58 

1.85837 

.3509 

2150. 

1 .  G  ■■  j  a 

au . 9698 

. 97681 

2557.59 

1.92777 

.2862 

2150  . 

.  8  "  J  " 

101,6857 

. 98137 

2543.74 

1,94900 

.2726 

2150  . 

.6''G" 

136.21/1 

. 98598 

2549.94 

1,97583 

,2587 

2150  . 

.  *  i-  G  " 

205,28/2 

. 99062 

2556.13 

2,01285 

.2446 

2150. 

.2'J" 

412.5115 

. 99529 

2562.4/ 

2.07473 

.2304 

2175. 

8.V’J5 

/,B/39 

. 64054 

2360 . 34 

1,68504 

,5454 

2175. 

8 . 0  C  0  " 

8.9225 

. 85294 

23/6.53 

1.69926 

.5426 

2175. 

7.0'0" 

10,3690 

. 86732 

2395.58 

1,71641 

.5315 

2175. 

6.00 0" 

12,3144 

.88290 

2416.40 

1,73597 

.5112 

2175. 

5.000" 

15. U583 

.89969 

2438.97 

1.75858 

.4816 

2175. 

4.0000 

19,1992 

.91767 

2463.22 

1.78530 

.4430 

2175. 

3.  OOuO 

26. 1321 

. 93679 

2489.02 

1.81815 

.3959 

2175. 

2 . 0  f  0  0 

40,0420 

.95695 

2516.23 

1.861c' 

.3416 

2175. 

1 . 0000 

81,85g5 

.97806 

2544.68 

1.93047 

.2812 

2175, 

.8  ■  )0 

1J2, 7656 

.98239 

2550,50 

1.95158 

.2685 

2175. 

.  6000 

13/. 6285 

.98674 

2556.37 

1.97828 

.2556 

2175. 

.  4  1 J  0 

20/. 3610 

. 99113 

2562.27 

2.01517 

.2426 

2175. 

.2  101 

416.5/12 

. 99555 

2568.21 

2.07692 

,2294 

2200  . 

9.64U« 

/.3423 

.83789 

2362.59 

1.68036 

.5400 

2200  . 

V.  C  0" 

/,9393 

. 34580 

2372.81 

1.68921 

.5393 

2200  , 

8 , 0  'J  1 

9,0/01 

. 85891 

2389.98 

1 . 70434 

.5328 

2200  . 

7.0000 

10,6362 

.87303 

2408.71 

1.72137 

.5189 

2200  . 

ft  .  0  •  0  0 

12.5069 

.88820 

2429.00 

1.74073 

,4969 

2200  . 

5.0"0" 

15.2815 

.90444 

2450.83 

1  .  76306 

.4669 

2200  . 

4.U1J1 

19,4669 

. 92172 

2474.12 

1.78942 

.4291 

2200  . 

3 . 0  0  1 

26.4/U5 

. 94000 

2498.77 

1.82183 

.3842 

2200  . 

2  .  Of  0  1 

40.5166 

. 95919 

2524.66 

1.86485 

.3330 

2200  . 

1  .  0  ■)  0  0 

82.  7257 

.97923 

2551.65 

1.93311 

.2766 

2200  . 

.  8  '•  n  0 

103.8399 

. 98333 

2557.17 

1.95410 

.2648 

2200  . 

.  6"no 

139.0344 

.98745 

2562.72 

1.98068 

.2528 

2200  . 

.  4  'CO 

209,4292 

.99161 

2568.31 

2.01745 

.2407 

2200  . 

.  2''G" 

420 . 6251 

.99579 

2573.94 

2.07909 

.2284 

2225. 

10 . 3>-eM 

6 . 8556 

.53520 

2364.82 

1.67580 

.5349 

2225. 

10 , Of  uo 

/.  16i'4 

.  3  5969 

2370.56 

1.68069 

.5350 

2225. 

V  .  0  f  0  " 

8,0/05 

.85177 

2386.19 

1.69422 

.5315 

2225  . 

6 . 0 1’  L  0 

9.2169 

. 86468 

2403.17 

1.70927 

.5220 

2225. 

7  .  0 1  U  0 

10.  7019 

.87849 

2421.52 

1.72616 

.5059 

2225. 

6  .  Cl"C0 

12.6951 

.89324 

2441.25 

1.74531 

.4828 

2225. 

5. pnoo 

15.5017 

.90893 

2462.32 

1.76734 

.4528 

2225. 

4, urao 

19, 7310 

. 92553 

2484.68 

1,79337 

.4161 

2225. 

3 . 0  f  C  0 

26,8047 

.94300 

2508.24 

1.82538 

.3733 

2225. 

2.0000 

40,9867 

. 96129 

2532.89 

1.86793 

.3251 

2225. 

1 .  G  "  0  0 

83.5958 

.98031 

2558.51 

1,93567 

.2724 

2225. 

,  8000 

104.9091 

. 98420 

2563.74 

1,95656 

.2614 

2225. 

,6000 

140 , 4350 

.98811 

2569.01 

1,98303 

.2502 

2225. 

.  4000 

211.4920 

.99205 

2574.31 

2,01969 

.2389 

2225. 

.  2000 

424.6/57 

. 99601 

2579.63 

2. .8122 

.2279 

2250  . 

11.1789 

6,4092 

.83245 

2367.02 

1.67133 

.5304 
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APPENDIX  B 

THERMODYNAMIC  PROPERTIES  OF  SODIUM  VAPOR  (cont’d) 
(Monomer  Gas  Base) 


t 

P 

1 

AS 

2?5n . 

11 .  -on 

6.5287 

. 83440 

2369.48 

1 ,67340 

.5309 

22'5f' . 

1  0  .  Ij '  u  *' 

7.2/84 

.8-1564 

?383.86 

1,68562 

.5287 

. 

V  .  0  ^  1' ' 

8.2011 

.85757 

P399.37 

1.69910 

.5223 

2250  . 

b  .  0  r  'j ' 

9.3626 

.  3-’025 

2416.08 

1 . 71406 

.5105 

2?5C  . 

7  .  f.  r,  c  1 

10.8659 

.88373 

2434.00 

1,73079 

,4929 

2250  . 

5.0'  :i  ■; 

12.8821 

.09803 

2403.14 

1,74972 

.4691 

2250  . 

15.7190 

.91317 

2413.47 

1.77149 

.4394 

2250  . 

5  .  0  '  c  ’ 

19.9917 

.92910 

2494.93 

1.79717 

.4039 

2250  . 

3.(j'  n 

2/. 1349 

.94581 

2517.44 

1,82879 

.3632 

2250  . 

2. or  ' 

41,4523 

.96324 

2540.92 

1.870)1 

.3179 

2250  . 

1 .  o'n 

84,4612 

.98132 

2565.27 

1,93818 

.2685 

2250  . 

. b'  n 

105,9/36 

.98501 

2570.24 

1,95897 

.2583 

2250  . 

.  b'  L  ' 

141.8307 

.98873 

2575.23 

1,98534 

.2479 

2250  . 

. 

213.5501) 

.99246 

2580.26 

2.02190 

.2374 

2250  . 

.2  GO 

428,71/4 

. 99622 

2585.31 

2.08332 

.2267 

2275  . 

I2.0'n 

5,999? 

.81963 

2369.17 

1.66696 

.5263 

2275. 

1 2 . 0 '  (J  0 

6,  CC63 

.82976 

2369.33 

1,66709 

.9263 

2275. 

11  .  G'MiO 

6,6358 

.84034 

2382.68 

1.67825 

.9299 

2275. 

ic.o'o: 

7,3960 

.80145 

2396.98 

1.69044 

.5210 

2275. 

9  .  Oj  ■  0  0 

8,3310 

.86319 

2412.30 

1.70385 

.9122 

2275. 

b.  n.'ij" 

9,5071 

.87560 

2426,69 

1.71869 

.4987 

2275  . 

7  .  .j  '  J 1 

11 ,0281 

.88872 

2446.16 

1,73526 

.4799 

2275. 

6.0''01 

13,0668 

.90258 

2464.71 

1,75397 

.4599 

2275  . 

5.000’ 

15,9336 

.91717 

2484.30 

1,77547 

.4267 

2275. 

4.  O'OO 

20,2492 

.93247 

2564.88 

1.80083 

.3929 

2275. 

3.0100 

27,4616 

.94845 

2526.41 

1.83209 

.3939 

2275. 

i .  J  ■’  0  0 

41,9140 

.96506 

2548.79 

l.d7380 

.3112 

2275  . 

1 . 0  ■'  J  ”1 

85,3223 

.98226 

2571.94 

1.94063 

.2690 

2275  . 

.eooc 

107,0336 

.93577 

2576.66 

1,96133 

.2994 

2275  . 

143,222] 

.98930 

2591.40 

1.98761 

.2497 

2275  . 

.4^0^*' 

215,6035 

.99285 

2586.17 

2,02407 

.2399 

2275. 

.  i  0  0  5 

432,7565 

,99611 

2590.97 

2,08540 

,2260 

2100  . 

l2.e'<G3 

5,6220 

,82674 

2371.28 

1,66268 

.5229 

2300  . 

12,0''U0 

6,1045 

.83569 

2382.44 

1.67186 

.5222 

2300  . 

11. ton 

3.7428 

,84614 

2395.74 

1.68300 

.9188 

2300  . 

lo.crco 

/,5130 

.85709 

2409.90 

1,69515 

.9121 

2300  . 

9.  oror 

8,4599 

.86861 

2424.98 

1,70847 

.5016 

2300  . 

8 . 0  G  0  b 

9,650? 

.88073 

2441.01 

1.72318 

,4667 

2300  . 

7 . ccoe 

11,1886 

. 89349 

2458.00 

1,73957 

.4673 

2300  . 

fr  .  C  ^  l" 

13.249? 

. 90689 

2475.94 

1.75806 

.4432 

2300  . 

5.CrC'' 

16,1455 

.92095 

2494.81 

1,77930 

.4147 

2300  . 

4 .  c  r.  1 0 

20,5036 

.93563 

2514.56 

1,80435 

.3619 

2300  . 

3.Cron 

27,7849 

.95091 

2535.14 

1,83526 

.3492 

2300  . 

2.0000 

42,371) 

.96677 

2556.49 

1,87660 

.3090 

2300  . 

1 .  O^Ob 

96,1/94 

.98314 

2578.53 

1,94303 

.2616 

2300  . 

.8000 

108,0896 

.98648 

2583.01 

1 , 96364 

.2928 

230  0  . 

.‘.'CO 

144,6094 

.98983 

2587.52 

1,96983 

,2437 

2300  . 

.4'C|0 

21/. 6529 

.99320 

2592.06 

2,02621 

.2346 

2300  . 

.iCuO 

436,7914 

.99659 

2596.61 

2.06746 

.2293 

23i5. 

13.814' 

5,2/44 

.82376 

2373.32 

1.65846 

.9201 

2325. 

13.  O'OO 

5,6581 

.63159 

2382.97 

1,66629 

.9192 

2325. 

12.0  u  1 

6,2026 

. 84150 

2395.43 

1,67659 

.9164 

2325  . 

1 1  .  C  '■  0  0 

6,6493 

. 65180 

2408.61 

1.68769 

.9110 

2325. 

10.0001 

7,6294 

.86255 

2422.59 

1.69972 

.5029 

2325. 

9 . 0 '  0  ' 

8,38/8 

.87382 

2437.39 

1,71294 

.4909 

2325. 

8 .  n ;  u  1 

9,7919 

.88564 

2453.02 

1.72791 

.4747 

2325. 

7  .  0’  oo 

11,34/2 

.39802 

2469.53 

1.74373 

.4949 

2325. 

6 . COQO 

13.4295 

.91098 

2496.87 

1,76200 

.4311 

2325. 

5.0000 

16.3548 

.92451 

2505.04 

1,76298 

.4034 

2325. 

4.0000 

20.7551 

.93860 

2523.99 

1.80779 

.3720 
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APPENDIX  B 

THERMODYNAMIC  PROPERTIES  OF  SODIUM  VAPOR  (cont’d) 
(Monomer  Gas  Base) 


( 

P 

,.e 

2 

hO 

>0 

V 

232b. 

3. 

2  a  ,  1  U  4  7 

,95323 

2543.67 

1,83334 

.3372 

232b. 

2.0-  ' 

*2,6263 

.96836 

2564.04 

1.S7933 

.2993 

232b. 

1.0  .  " 

a/,0326 

.  96397 

2585.03 

1.94537 

.2568 

2325. 

.  b’  3" 

109,1*19 

. 96714 

2599.30 

1.96591 

.  2504 

232b. 

.  6  '  ■ 

1*5  .9926 

.99033 

2593.59 

1.99202 

.2419 

2325. 

.  *  -  ■ 

219,69b* 

.99354 

259  /  .90 

2.02832 

.2333 

2325  . 

.21" 

440  ,  a225 

. 99676 

2602.24 

2,08946 

.2247 

2350  . 

1« . 7( b* 

4 . 9536 

.8^069 

2375.27 

1,65435 

.5181 

235^. 

1* . C' 0* 

b,27/9 

.82795 

2394.13 

1,66139 

.5167 

2350  . 

13  J0i  1 

b. 7466 

.83740 

2395.89 

1.67091 

.5139 

2350. 

12 . t ' u ' 

6,300* 

.54716 

2406.23 

1,69113 

.5093 

2350  . 

1 1  .  L  '  3  " 

6,9553 

.85728 

2423 .28 

1.69216 

.5023 

2350  . 

1  0  .  C  '  ' 

7,74*9 

.  86782 

2435.02 

1.70417 

.4924 

2350. 

i.c-y' 

8 . 71  *(, 

.8/883 

2449.50 

1.71727 

.  4794 

2350  . 

b.i'v-' 

9.9321 

.89033 

2464. 75 

1.73170 

.4630 

2350  , 

7  .  0 '  .j " 

11,50*1 

.90.33 

2480 . 75 

1,74774 

.4430 

2350  . 

6.1  r  " 

13,60/6 

.91485 

249/. 50 

1.76560 

.4196 

2350  . 

5. 0' C" 

16,5617 

.  9?78e 

2514 . 99 

1,78654 

,3926 

2350  . 

4.0''." 

21,0037 

.94140 

2533.17 

1,61103 

.3627 

2  350  . 

3  .  (1  '  " 

28,4217 

.  95540 

2552.01 

1.64132 

.  3297 

2350  . 

2.0'!'' 

43.2//* 

.96986 

2571.46 

1.66198 

.2940 

2350  . 

1  .  C '  0 

87.8827 

.95473 

2591.47 

1,94767 

.2560 

235". 

.  b  1  " 

110,1906 

.99776 

2695.53 

1.96613 

.2482 

2350  . 

.  5-  . 

147,3/26 

.99060 

2599.62 

1.99418 

.2402 

2350  . 

.4  (.  1 

221 . 74,14 

.99385 

2603.72 

2.03040 

.2322 

2350  . 

•  2  f  u  * 

444,8499 

.99692 

2607.85 

2.09149 

.2241 

2375  . 

15. b  5b 

4.65/0 

.81750 

2377.14 

1.65029 

.5166 

237b. 

lb. COO 

4,9bj4 

.82470 

2385.82 

1.65707 

.5148 

23  7b. 

14.0' uo 

5. 3623 

.83377 

2396 . 99 

1,66595 

.5118 

2375  . 

13  .  u  i.  0 

b .8392 

.84307 

2408.66 

1,67543 

.  5074 

2375  . 

12.0’  !  ■ 

6.39/7 

.85265 

2420.89 

1.66561 

.5013 

2375. 

11.0  0 ' 

7.0606 

.86258 

2433.72 

1.69656 

.4930 

237b. 

1  0  .  0  • ' 

7.8595 

.87289 

2447.20 

1.70648 

.4820 

237b  . 

«  .  1  '  ,  • 

8 , 8401 

.89363 

2461 . 35 

1,72147 

.  4683 

2  3  7b. 

e .  1 "  j  0 

1 0 .  n  /  J  9 

.  89480 

2476.18 

1,73575 

.4515 

2375  . 

7.0  .* 

11 . 659? 

.90643 

2491 .68 

1.75161 

.4316 

2375  , 

6.0"'  " 

13. 7637 

.  91851 

2507,86 

1,76947 

.4087 

237b , 

b. 

16,7663 

.95105 

2524 .68 

1,78998 

,3828 

237b. 

4.0'jO 

21,25,1 

.94404 

2542.13 

1,81421 

.3541 

2375  . 

3  .  0  '  t  ■' 

28 , 7359 

.95745 

2560 .16 

1,84421 

.3226 

237b. 

2.C'0'' 

43,7257 

.97126 

2578.74 

1,68456 

.2692 

2375  . 

1.0"0o 

68, 729* 

.98545 

2597.84 

1.94993 

.2535 

2375. 

.  S"  J" 

111,2382 

.98834 

2601.71 

1,97032 

.2461 

237b. 

.  6"  ,  ^ 

148,7*9* 

.99123 

2605.60 

1,99630 

.2387 

23  75  . 

.4-^' 

223, 7/91 

,  99414 

2609.52 

2.03246 

.2317 

2375. 

.  2  0  3  " 

448,8/41 

.  99706 

2613.44 

2,09347 

.223 

2400  . 

1  6 . 67br 

4,3825 

.81419 

2378.89 

1,64629 

.516 

2400  . 

16.0'';'' 

4,6653 

.82178 

2387.96 

1,65323 

.5134 

2400  . 

IS.O'O" 

3 ,0294 

.  83054 

2398.64 

1,66157 

.5099 

240". 

14.0-B 

a , 4*64 

.83945 

2409.71 

1,67042 

.5056 

240"  . 

1 3 .  a 0 " 

5,9292 

.84858 

2421.25 

1,67986 

.5000 

2430. 

12.300’ 

6,494* 

.85798 

2433.31 

1,66997 

.4927 

2430  . 

ll.CJOO’ 

/,16S1 

.  66770 

2445 , 92 

1,70087 

,  4633 

2*00. 

1 0 . 0  0  e ' 

/,9/3l 

.87777 

2459.12 

1,71267 

.47:5 

2400  . 

9. 0' O’ 

6,9644 

.88822 

2472.92 

1,72553 

.4573 

2400  . 

B.Oro.' 

10,2081 

. 89907 

2487.32 

1,73967 

.4403 

2400  . 

7  .  0 0’ " 

11,8125 

.91032 

2502.33 

1,75535 

.4206 

2400  . 

6.000’ 

I3.9b/F 

.92198 

2517.94 

1,77301 

.3983 

2400  . 

b  .  0 '  C  ’ 

16,9668 

.93405 

2534.13 

1,79330 

.3734 
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APPENDIX  B 

THERMODYNAMIC  PROPERTIES  OF  SODIUM  VAPOR  (cont’d) 
(Monomer  Gas  Base) 


1 

P 

1 

A" 

p 

. 

4.0 

21 . 4V j5 

.94652 

2  5  5  0  .  B  8 

1.81728 

.  3460 

240n . 

3  .  0  ^  ■ 

29.04/4 

.95936 

2568 . 15 

1.84701 

,3164 

240t, . 

2.0' u ' 

44,1/11 

.97257 

2585.92 

1.88708 

.2847 

24or . 

1 .  0  ■  0  ' 

flV.b/?'.* 

.98613 

2604.14 

1.95214 

.2511 

2  4  0  r< , 

.  '  '  o  " 

112.276'/ 

.  98888 

26'17.84 

1,97248 

.2442 

2400  . 

.e' 

150.1231 

.99164 

26(1.55 

1,99839 

.2372 

2400  . 

.4'..' 

225.  bl<t7 

. 99441 

2615.28 

2,03448 

.2302 

2  4  0  r, . 

.  2 '  1 " 

4t>2  .  flVo? 

.99720 

2619. :: 

2.09543 

.2231 

242S. 

1 7 . VS  f  1 

4.12/9 

.81073 

238J  .  52 

1,64234 

.5169 

2425. 

■ 

4.4152 

.81916 

2390.49 

1,64981 

.5126 

2425. 

16. Lt  0' 

4,73V/ 

.82765 

2400.74 

1 , 65767 

.5084 

2425. 

15.  "  0' 

5,1061 

.83623 

2411.31 

1.66598 

.5039 

2425. 

14.' ' L' 

5 . 5  3  ('  1 

.84497 

2422.27 

1,67479 

.4985 

2425  . 

1 3 . 1.  '■  0  " 

6  ,  u  1 6  6 

.85392 

2433.65 

1.68417 

.4919 

2425. 

12.0' 0" 

6 . 5  V 11 5 

.86512 

2445.52 

1,69422 

.  4836 

2425. 

1  i  .  0  1  0  ' 

7 , 2h67 

.87262 

2457.88 

1,70503 

.  4734 

2425. 

10. 0(  ' 

b ,  ubbft 

.88244 

2470.78 

1.71673 

.4611 

2425. 

V  ,  C  3  /  5 

.89261 

2484.21 

1,72947 

,  4465 

2425. 

(■ .  '  '  .  " 

1'J,  3430 

.90313 

2498.19 

1 . 74345 

.4295 

2425. 

7.(00" 

11 . 9641 

.91402 

2512  ,  •/2 

1,75897 

.4102 

2425. 

6 . 1, '  u  ' 

14,1300 

.92527 

2527.78 

1.77644 

.3885 

2425  . 

5.C'£' 

17,1689 

.93689 

25*3.36 

1,79651 

.  3645 

2425. 

4  .  3  <  c  " 

21.7353 

.94686 

2559.43 

1.82026 

,3385 

2425. 

3 .  C  j- 

29.3565 

.96117 

25/5.98 

1,84974 

.3104 

2425  . 

2  .  "  0  * 

44,6138 

.97381 

2592 .98 

1,88954 

.2805 

242'  . 

1  .  .'0' 

90.414? 

.98676 

2M0,3  9 

1,95432 

.2490 

242“  . 

.  "  ■  0  " 

113.3184 

.98939 

2613. 92 

1,97459 

.2425 

2425  . 

.6  1/ ' 

151 . 4V39 

.99202 

2617.47 

2 .00045 

.2359 

2425  . 

.4  r 

227.64/5 

.99467 

2621.03 

2 ,03648 

.2293 

242'  . 

.  ^  ■  j  ^ 

456.9134 

.99733 

2624.60 

2.09737 

.2227 

245  '  . 

1  V  .  10  V  ’ 

3. 6V14 

.80712 

2382.0  1 

1,63844 

.5185 

245f  . 

IV,  Q-  u" 

3.9329 

.80853 

2383.64 

1 ,63962 

.5175 

245'  . 

16.0' 0' 

4.1939 

.81681 

2393.35 

1,64676 

.5121 

245  . 

1  7. 0'  0' 

4.4355 

.82506 

2403.24 

1,65421 

.  5073 

245'  . 

16.3':' 

4.8137 

.83335 

2413.38 

1,66204 

.5024 

245  . 

15.3'  O' 

5. 1664 

.84176 

'2423. b2 

1 .67030 

.  4971 

2«5  . 

1  4  .  0  ■  0  ' 

5,6134 

.88032 

2434.63 

1,67906 

.  4908 

245  . 

13.  j'  0" 

6.10/*- 

.85908 

2445.84 

1 , 68838 

.  4833 

245'  . 

12.  3''0" 

6.6854 

. 86808 

2457.49 

1 , 69835 

.  4742 

245 . 

ll.s' 

7.3/1' 

.67736 

2469 . 59 

1 . 70908 

.4634 

245  ■  . 

1  0  . ..  '  0  ' 

b.  19/1 

.88692 

2482.1  / 

1.72066 

.  4507 

245  . 

9  .  .  C ' 

9 , 20 V3 

.89680 

2495.24 

1,73327 

,  4360 

245'  . 

6.  •  j 

10.4/83 

.90700 

2508.80 

1,74711 

.4192 

245'  . 

7 . ; ' 0' 

12.1142 

.91 753 

2522.85 

1.76246 

.  4003 

i  5-  . 

6.0'  C' 

14 . 3C0« 

.92838 

2537.37 

1,77975 

.3793 

2  4  5'.. 

5.C'C" 

i/..''6  7: 

. 93956 

2552.37 

1,79962 

.3563 

245  ' . 

4  .  C  1,  ' 

21 . 9  /4(, 

.95106 

2567.81 

1,62315 

.3315 

245  . 

3.C 'O' 

29,6032 

.96287 

2583.67 

1.85239 

.  3049 

245"  . 

2.r-c- 

45.0541 

.97497 

2599.94 

1.89194 

.2766 

2450  . 

1  .  t  OU" 

•  r 

> 

.98735 

2616.39 

1,95646 

.  2470 

2450  . 

.6'  0' 

11 4. 3S5ft 

.98986 

2619.96 

1,97668 

.  2409 

245'  . 

.6'  C' 

152.8622 

. 99233 

2623 . 35 

2,00248 

.2347 

2450  . 

.  4  '  0  ' 

229.8 / 77 

, 99491 

2626 . 75 

2,03846 

.2285 

245"  . 

.2''0 

460.9290 

.99745 

2630 .16 

2,09929 

.  2223 

2475  . 

?0 . 3S6? 

3,6/l'> 

.80334 

2383.33 

1.63456 

.5213 

2475  . 

?0 . 0  3( 

3. 7593 

.80659 

2387.06 

1,63721 

,5184 

2475. 

IV.'  rc" 

3.  vv/a 

.81470 

2396.51 

1,64403 

.5120 

2475  . 

16. r  'O'! 

4 , 2  6  J  7 

.82274 

2406 . 08 

1.65111 

.5065 

2475  . 

1  7  . "  0  " 

4.5554 

.83079 

2415.85 

1.65852 

.5012 

2475  . 

1  6  .  (  '  U  ' 

4 . MS  /4 

.83889 

2425.85 

1,66631 

,4957 
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APPF.>IDIX  B 

THERMODYNAMIC  PROPERTIES  OF  SODIUM  VAPOR  (cont’d) 
(Monomer  Gas  Base) 


t 

r» 

t 

A» 

«8 

2*7': . 

15.0'  o-i 

5.2643 

.84712 

243e.l6 

1,67452 

.4896 

2*7'  . 

15.0'  O'* 

5.6/61 

.65549 

2446.80 

1.68322 

.4826 

2*7*>. 

13. L' O' 

6.1V57 

.86407 

2457.62 

1.69248 

.4749 

2*7b. 

1 2  .  .  0  f  o 

6. /bl3 

.67266 

2469.23 

1.70237 

.4647 

2*7':, 

ll.OOf.o 

/.4/34 

.88190 

2481.06 

1,71300 

.4535 

2*7‘i, 

1 0 . 1. '  0  0 

8.30/5 

.89121 

2493.32 

1,72448 

.4406 

2*7^ , 

V  .  0  L'  0  0 

9,. 12/9 

.90080 

2506.02 

1,73696 

.4259 

2*7''. 

e .  'I  '1 0  0 

1U.5112 

.91068 

2519.16 

1.75066 

.4093 

2*7*. 

7.IJI.0O 

12.2526 

.92086 

25 J 2. 74 

1.76585 

.3909 

2*7'}. 

6.  JCIIO 

14,4690 

,93133 

2546.75 

1,78296 

.3706 

2*7"  , 

5.  Ji  C" 

17.5635 

.94209 

2561.18 

1.60263 

.3486 

2*7'}. 

«.  J'lO' 

22.2119 

.95314 

2576.01 

1,82596 

.3249 

2*7t, 

3. O'. DO 

29.96/8 

.96447 

2591.23 

1.85496 

.2997 

2*7'.-, 

2 .  '.u  0 : 

45.4921 

.97606 

2606.81 

1.89429 

.2730 

2*7*. 

1 .  'i  0  0  0 

92.0886 

.98791 

2622.74 

1.95856 

.2451 

2*7">. 

.OO'JO 

115.3903 

.99031 

2625.97 

1.97873 

.2394 

2*7*, 

.5000 

154.22/9 

. 99272 

2629.20 

2.00446 

.2336 

2*7* , 

.«:.oo 

231.9054 

.99514 

2632.45 

2.04041 

.2278 

2*7"j. 

.2'00 

464,9420 

.99756 

2635.72 

2,10119 

.2219 

250''. 

21.5770 

3.4666 

.79936 

2364.46 

1.63074 

.5254 

2*<t'. 

21.0001 

3.6033 

. 80485 

2390.72 

1.63506 

.5195 

250'' , 

2  0  .  U  C  0  0 

3,8206 

.61281 

2399.94 

1.64159 

.5122 

2'>a'' . 

1 5 . 0  0  0  0 

4.0606 

.62067 

2409.24 

1,64835 

.5060 

25011. 

16. orco 

4,32/0 

.82849 

2418.67 

1,65538 

.5002 

2500. 

17.0010 

4.0249 

.83634 

2428.29 

1,66275 

.4944 

2500. 

16.'Kl'0 

4.9606 

.84427 

2438.16 

1.67048 

.4884 

2500. 

15. oruo 

5,3417 

.65231 

2448.30 

1,67664 

.4816 

2500. 

14. Oft" 

5,7/82 

.86050 

2458.76 

1.68726 

.4740 

2501. 

13.  JC'JO 

6.2832 

.66887 

2469.56 

1.69646 

.4653 

250  '. 

i2.croo 

6.8/41 

.87745 

2480.73 

1,70627 

.4553 

2500. 

11.000" 

7,5/43 

.88626 

2492.27 

1,71660 

.4438 

2500. 

1  c .  c  r  c  0 

8.4168 

.69531 

2504.21 

1,72817 

.4307 

2500. 

5. Cl') 

9.4492 

,90462 

2516.54 

1,74053 

.4161 

2500. 

b.O' uO 

10.7428 

.91419 

2529.27 

1,75409 

.3998 

2500. 

/.coin 

12,4095 

.92402 

2542.40 

1,76913 

.3819 

250  '. 

6.0000 

14,6360 

.93412 

2555.91 

1,78607 

.3624 

2500. 

6.  Cor 

1/,7581 

.94448 

2569.80 

1,80556 

.3413 

2500. 

5 .  r.  f  0 " 

22.44/2 

.95510 

2584.06 

1,62669 

.3188 

2500. 

3.1)0" 

30.2/03 

.96596 

2598.66 

1,85750 

.2949 

2500. 

2.000" 

45.92/9 

.97709 

2613.60 

1,89659 

.2697 

2500. 

1.000" 

92.9224 

.96844 

2628.85 

1,96064 

.2434 

250t>. 

.bf  0" 

116.4228 

.99073 

2631.93 

1.96076 

,2380 

2500. 

.frf  0" 

155.5915 

.99304 

2635.03 

2,00646 

.2325 

2500. 

.  •)  O') 

233.9308 

.99535 

2638.14 

2,04234 

2500. 

.20  0" 

468,9628 

.99767 

2641.26 

2,10307 

.2216 

2»25. 

23. Ob* 

3,2/54 

.79517 

2385.38 

1,62693 

.5310 

2525. 

23 . 000" 

3.2/81 

.79550 

2385.53 

1,62702 

.5308 

2525. 

2i.ono" 

3.4617 

.60331 

2394.60 

1,63313 

.5208 

2525. 

2l.fiC0') 

3.6618 

.81113 

2403.62 

1,63940 

.5126 

2525. 

2C'.nr£'0 

3,6813 

.81881 

2412.67 

1,64567 

.5056 

2525. 

IV.OCo" 

4.1237 

.82644 

2421.60 

1.65257 

.4993 

2525. 

it.oro" 

4.3929 

.83406 

2431.09 

1.65956 

2525. 

17.  ore " 

4.6940 

.84172 

2440.56 

1.66687 

.4871 

2525. 

ib.ooor 

5.0333 

.84946 

2450.27 

1.67456 

.4806 

252=. 

15.  Of  0" 

5,4185 

.65732 

2460.24 

1,68265 

.4734 

2525. 

i*.nrP" 

5.8597 

,66532 

2470.50 

1.69123 

.4653 

2525. 

13.000" 

6.3/01 

.87350 

2481.08 

1.70034 

.4562 

2525. 

12  .  Of'C" 

6,9670 

.86186 

2491,99 

1.71006 

.4458 

2525. 

11 . oion 

7.6/42 

.69044 

2503.25 

1,72050 

.4342 

2525. 

IP. 0000 

8,5250 

.69923 

2514.86 

1.73175 

.4212 
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APPENDIX  B 

THERMODYNAMIC  PROPERTIES  OF  SODIUM  VAPOR  (cont’d) 
(Monomer  Gas  Base) 


t 

F 

»» 

M 

hO 

al* 

P 

l«0t:. 

.  5  f)  (•  0 

115.4955 

.96517 

2446.25 

1.93300 

,3567 

l«cr . 

.  «  0  U  0 

1/5.2357 

.97658 

2461.66 

1.97385 

.3111 

.  20t'’ 

354.64iJ<J 

.98620 

2477.32 

2,03965 

.2641 

2.5*25 

24.8259 

.67662 

2330.88 

1.76579 

.6374 

l.C'OJO 

32.6494 

.69981 

2362.73 

1,79875 

,5806 

l.i.-oi,-. 

66. /245 

.94702 

2427.08 

1.88235 

.4223 

.  Hi  iiO 

66. 6318 

.95723 

2440.91 

1,90676 

,3839 

.500" 

117. loss 

.96765 

2455.00 

1,93685 

,3439 

.  *  0  0  0 

17/. 4/91 

.97626 

2469.33 

1.97722 

.3024 

.20  1;'' 

356.6/35 

.98905 

2463.87 

2.04253 

.2597 

i^sr. 

2.«.'67 

22.5901 

.87394 

2332.70 

1,75885 

.6315 

l*?>f . 

2.0CCO 

33,2406 

.90619 

2376.90 

1,80492 

.5535 

ip«r , 

1 . UOO" 

69. /431 

.95065 

2437,41 

1,88684 

,4044 

.6000 

86,0533 

.96019 

245P.32 

1,91086 

.3691 

i85('. 

.6i;u0 

118,5924 

. 96990 

2463.45 

1.94053 

,3325 

.5000 

179, /014 

.97979 

2476.79 

1.98047 

.2946 

l»5r. 

.21' 0  0 

363,0844 

.98982 

2490.31 

2,04533 

,2557 

I*?-). 

?  .  1  <1*5 

20,5003 

.87130 

2334.57 

1,75213 

.6252 

1<«75. 

J  .  O.'.O" 

21,5463 

.87577 

2340.70 

1.75811 

.6177 

l*7b. 

2 . 0  r.  0  0 

33.6196 

.91211 

2390.42 

1,81075 

,5282 

1«7‘«. 

1 . 0  r  1 0 

70.744? 

.95397 

2447.31 

1,89111 

.3883 

lf>7%. 

.bfoo 

89.2569 

.96289 

2459.38 

1.91476 

,3558 

l«7'i. 

.6C.C0 

120.1305 

.97196 

2471.64 

1,94406 

.3223 

1«7S. 

. « 0  r  0 

181.9045 

.98118 

2484.07 

1.98360 

,2877 

lS7'j. 

. 2'  no 

36/, 2/57 

.99053 

2496.66 

2,04806 

.2522 

1O01. 

3 . 5555 

16.6251 

.86868 

2336.50 

1.74560 

,6187 

Iflijn  . 

3.0000 

22.0562 

.88282 

2355.85 

1.76457 

,5944 

non. 

2  . 0  0  0 

34,36/4 

.91759 

2403.32 

1,81624 

,5046 

non. 

l.iJl'OO 

/I. 7296 

.95701 

2456.84 

1.89517 

.3738 

ISO). 

.HtU" 

90.4442 

.96536 

2468.12 

1,91848 

.3439 

non. 

.  5('G0 

121,6918 

.97384 

2479  58 

1.94744 

.3131 

1900. 

.5'0O 

184.  J'/03 

.98245 

2491.18 

1,98663 

,2814 

1900. 

.  2000 

371.4493 

.99117 

2502.92 

2,05073 

.2490 

19?s. 

3 . 5  •'  5  7 

l/,23/8 

. 86609 

2338.49 

1,73927 

.6120 

lOJS. 

3 .  'J  0  J  '1 

22.45/9 

.8894/ 

2370.42 

1.770/1 

.5714 

192->. 

2.0000 

34.9440 

.92267 

2415.66 

1.82145 

.4826 

1929. 

1 . 0  0  Cl  0 

72. 7006 

.95980 

2466.01 

1,89904 

,3606 

192'3. 

.5000 

91.6167 

.96762 

2476.58 

1,92205 

,3332 

19?*.. 

.50  PI 

123.19/8 

.97556 

2487.30 

1,95070 

.3049 

192'j. 

.4005 

166.2605 

.98361 

2498.14 

1,98957, 

.2758 

192*5. 

.  21  00 

3/5.60/0 

.99176 

2509.11 

2.05334 

.2462 

1950. 

4.17V1 

15.8152 

.66352 

2340,52 

1,73313 

.6052 

195U. 

«  .  0  C  u  0 

16.6097 

.86603 

2346.67 

1.73896 

.6000 

1950. 

3.0  .'OO 

22.8529 

.89573 

2384.43 

1,77655 

.5489 

?.95r . 

2  .  OPOO 

35,4903 

.92737 

2427.48 

1.82638 

,4627 

1950  . 

1.0000 

73,6969 

.96236 

24/4.88 

1,90273 

.3488 

1950  , 

.HOU" 

92.7/58 

.96970 

2484.79 

1,92547 

.3235 

1950. 

.SCO" 

124,6500 

.97714 

2494.82 

1,95384 

.2974 

1950  . 

.  «ilU0 

166.4166 

.98467 

2504.98 

1,99242 

.2738 

195'i. 

.2000 

379.7502 

.99229 

2515.24 

2.05590 

.2436 

197*. 

5.55J'' 

14.53/5 

.86096 

2342.60 

1.72716 

,5982 

1975. 

4.0000 

16,9134 

.87482 

2361.44 

1.74506 

.5616 

19  75  . 

3.0000 

23,2413 

. 90160 

2397,88 

1,78211 

.5274 

1975. 

2.1000 

36.0269 

.93172 

2438.81 

1.83105 

.4442 

1975. 

l.Ci'lQO 

74,6051 

.96471 

2483.46 

1,90628 

,3381 

1975. 

.0000 

93.9226 

.97161 

2492.76 

1,92877 

.3147 

1975. 

.5P00 

126,1297 

.97859 

2502.18 

1.95687 

.2906 

1975. 

.4000 

190,5598 

.98565 

2511,69 

1,99519 

,2663 

1975. 

.2000 

383,8603 

.99279 

2521.30 

2,05840 

.2413 

2O0t  . 

6.CCV7 

13.38/5 

,85842 

2344.73 

1.72137 

.5912 
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APPENDIX  B 


THERMODYNAMIC  PROPERTIES  OF  SODIUM  VAPOR  (cont’d) 
(Monomer  Gas  Base) 


t 

P 

t 

all 

< 

i.'.'i.' 

■ft. >6/3 

. 90826 

7526.82 

1,74399 

.4067 

*52''. 

tr  .  f.  ' 

10.6/30 

.91752 

7539.15 

1,75741 

.3908 

12. >550 

.92702 

2551.84 

1,77230 

.  3735 

f  .  l'*'  0  '' 

1<. OJlft 

.93676 

2564.87 

1,78908 

.3547 

5. O'D" 

i/.ssov 

. 9ft67« 

7578.25 

1,80840 

.3346 

A  .  ’  M  • 

22.6505 

. 95696 

2691.95 

1,83135 

.3131 

3 . 1/ !:  w  '• 

30.5/10 

.96740 

2605.98 

1,89996 

,2904 

2‘52‘^. 

0  r 

ft6. 3615 

.97806 

2620.30 

1,89885 

.2666 

l.l ' w* 

93. /5ftl 

. 98893 

2634.91 

1,96268 

.2418 

r'iZ'j. 

.  b  ^ 

ll/.ft>32 

. 99113 

7687.67 

1,98275 

.2367 

.b'  u*' 

196 . 

. 99333 

2640.83 

2.00841 

.2316 

.  <• '  p  r 

235. 95ftl 

.99555 

7643.81 

2,04424 

.  2264 

252^. 

ft/2. 9615 

. 99777 

2646.79 

2.10494 

.2212 

255'’;. 

24  .  *<  ..b 

3.f  967 

. 79073 

2386.06 

1.62312 

.5382 

2‘^‘5li . 

?4.  CO 

3. . 629 

. 79506 

2389.77 

1.62552 

.9330 

k’ii'' . 

3.3>33 

.80196 

2398.68 

1.63141 

.9220 

22.  '.''I.*' 

3.5162 

. 80964 

2407.52 

1.63744 

.5130 

i^'h!  . 

? : .  0  0 

3. 721)0 

,8l7l7 

2416.34 

1,64364 

.9054 

255'  . 

2f  .  0!  liO 

3. 9«16 

,62461 

7475.22 

1.65005 

.4986 

2‘'5'' . 

1  .  r - 

ft. 1663 

.63203 

24  34.20 

1.65671 

.4922 

255'’. 

1  h  .  ij  f  V  f- 

ft. 5563 

.83945 

2443.33 

1.66369 

.4899 

. 

1 7 . c  Cl ' 

ft. 762ft 

. 84693 

2452.65 

1.67091 

.4795 

2^*5^  • 

1  ft  .  L  'j  " 

5 . 1J5< 

.65449 

2452.18 

1,67853 

.4725 

255  !. 

J5  .or  f 

5.  ftyft7 

.66216 

2471.97 

1,68657 

,4649 

255'. 

1  .  -j  0  c  ^ 

5. 9«iJ3 

. 86997 

2482.02 

1.69507 

.4565 

25?n . 

li.U' u" 

6.4561 

.67794 

2492.37 

1.70410 

.4471 

255'-'. 

1  2 . 0  0  C.  ■' 

7.0590 

.83609 

2503.02 

1,71374 

.4366 

2^51' . 

1 1 . 0  "  " 

/. 7/32 

.89443 

2513.98 

1.72408 

.4249 

2^5^  . 

11.  .  Ct- JO 

6.6322 

.90297 

2575.27 

1,73523 

.4120 

255'- . 

^  .  O  0  0  " 

9 .  ftriftj 

.91172 

2536.88 

1.74735 

.3978 

2‘!50. 

b .  (-Mir. 

11.11020 

.92069 

7548.82 

1,76064 

.3823 

2550. 

V.otu* 

.92987 

7561.07 

1.77538 

.3655 

255'  . 

t .  '"'■U'’ 

lft.9ft53 

.93927 

2573.65 

1.79201 

.3474 

2550  . 

5.0  0 '10 

16.1522 

.94868 

2586.53 

1.81116 

.3282 

2550. 

ft .orto 

22.9123 

.95871 

2599.71 

1.83393 

.3078 

255". 

j .  u  r  u  0 

30.6695 

. 96874 

2613.18 

1.86237 

.2863 

2550. 

2.ai  CO 

«6. 793/ 

. 97897 

2676.93 

1.90106 

,2637 

255"  . 

i.'j'jii'i 

9«.5“39 

. 96939 

2643.94 

1,96469 

.  2403 

2550. 

,b'’ur 

iia.ftiift 

.99150 

7643.77 

1.98472 

.2399 

255C  . 

.  b  •  0 

156.3123 

.99362 

2646.61 

2,01034 

.2307 

2550. 

.  ft  r  u  0 

237.9/55 

. 99574 

2649.46 

2.04613 

.2258 

2550. 

.  2  "  u 

576.9661 

.99786 

7652.32 

2,10678 

.2209 

25 '/S. 

?5.0ft3a 

2.929ft 

. 78602 

2386.47 

1.61932 

.5479 

2575. 

25.C"0o 

3.05/5 

. 79300 

2394.20 

1.62418 

.5390 

2575. 

2*. oono 

3.2162 

.60078 

2402.97 

1,62988 

.9232 

2^7^, 

23. JOCO 

3.3677 

.60633 

2411.63 

1,63570 

.9135 

2575. 

22.0030 

3.5/ftO 

.81571 

7470.25 

1.64165 

.5093 

2575. 

21.U100 

3.7/76 

.62299 

2428.89 

1,64779 

.4960 

2575. 

20 . O^OO 

4.C013 

.83021 

2437.59 

1.  5415 

.4913 

2*57'5. 

IV.OOUO 

5.2585 

.63742 

2446.41 

1.C.6075 

.4048 

2575. 

le . noQo 

4.5232 

.84466 

2455.38 

1,6A763 

.4783 

2575. 

1  7  .  u  0  0  0 

4.8307 

.85196 

2464.53 

1.67484 

.4715 

2575. 

16. UOuO 

5,1/71 

.85933 

2473.89 

1,68248 

,4643 

2575. 

is.noo'’ 

5,5/03 

.86682 

2483.48 

1,69038 

.4564 

2575. 

1  ft  .  0  0  U 1) 

6,0207 

.87445 

2493.33 

1.69881 

.4477 

25/5. 

13.UC0O 

6.5514 

.88222 

2503.43 

1,70777 

.4301 

2575. 

i2.oonr 

7,1502 

.69015 

2513.82 

1.71732 

.4275 

2575. 

11 .0000 

7,8/13 

.89626 

2524.49 

1.72796 

.4199 

2575. 

lO.O'CUO 

6,7384 

.90655 

2535.46 

1.73860 

.4031 

2575. 

4 . 0  r  c  0 

9,6001 

.91503 

2546.72 

1.75060 

.3892 

2575. 

b  .  0  0  U 

11,1297 

.92370 

2558.27 

1,76376 

.3741 

2575. 

7  ,  c  "  C 

12,8418 

.93258 

2570.12 

1,77838 

.3979 

2575. 

ft  .  0  'j  L  0 

15.12/8 

.94165 

2582.25 

1,79485 

,3406 

2575. 

5  .  U  C  0  0 

18,3320 

.95091 

2594.66 

1.81385 

.3222 

2575. 

b.orc^ 

23,1428 

.96037 

2607.35 

1,83646 

.3020 

2575. 

3.0000 

31,1670 

.97001 

2620.29 

1.86472 

.2824 

2575. 

2.0000 

47,2239 

.97983 

2633.49 

1.90323 

.2611 

2575. 

1.0000 

95,4118 

.98983 

2646.93 

1,96667 

.2309 

2575. 

.HOOO 

119,5082 

.99185 

2649.64 

1,98667 

.2344 

2575. 

.ft'OtO 

159,6699 

.99388 

2652.37 

2.01224 

.2290 

2575. 

.  4  n  0 

239,9948 

.99591 

2655.10 

2.04800 

.2293 

2575. 

.2000 

483,9728 

.99795 

7697.84 

2.10861 

.2206 

APPENDIX  C 


THE  MOLECULAR  COMPOSITION  OF  SATURATED  SODIUM 
VAPOR  AND  ENTHALPIES  OF  VAPORIZATION 


l 

P, 

^*2  J  , 

<'*4^ 

lAOO. 

.9100 

.193900 

.003021 

25.5220 

1692,35 

1833.74 

1625. 

1.0327 

.198008 

.  003493 

25.5904 

1685.54 

1830.27 

1650. 

1.1482 

.202039 

.004023 

25.6593 

1678.79 

1826.83 

1675. 

1.3176 

.205989 

.004615 

25.7288 

1672.09 

1623.44 

1700. 

1.4818 

.209856 

.005274 

25.7989 

1665,44 

1820.10 

1725. 

1.6620 

.213606 

.006005 

25.8697 

1658,86 

1816.82 

1750. 

1.8890 

.21732/ 

.006613 

25.9412 

1652,34 

1813.60 

1775. 

2.0740 

.220924 

.007702 

26.0136 

1645,87 

1810.44 

laoo. 

2.3081 

.224427 

.008679 

26 . 0869 

1639.47 

1807.33 

1825. 

2.5625 

.227830 

.009747 

26.1612 

1633,12 

1804.29 

1850  . 

2.838? 

.231133 

.010913 

26.2366 

1626,83 

1601.32 

1875. 

3.1365 

.234331 

.012181 

26.3132 

1620,59 

1798.40 

1900  . 

3.4586 

.237622 

.013555 

26.3910 

1614,40 

1795,53 

1925. 

3.8057 

.  240403 

.015040 

26.4701 

1608,24 

1792.72 

1950. 

4.1791 

.2432/1 

.016641 

26.5507 

1602,12 

1789.95 

1975. 

4.5800 

.246024 

.018361 

26.6327 

1596,03 

1787.23 

2000  . 

5.U097 

.248660 

.020205 

26.7163 

1589.95 

1784.53 

2025. 

5.4^94 

.2511/5 

.022176 

26.8015 

1583.88 

1781.87 

2050. 

5.9606 

.253568 

.024277 

26.8884 

1577,60 

1779.21 

2075. 

6.4845 

.255838 

.026510 

26.9770 

1671,72 

1776.57 

2100. 

7.0624 

.257981 

.028878 

27.0675 

1565,61 

1773.92 

2125. 

7.6356 

.259997 

.031383 

27.1598 

1559,46 

1771.24 

2150. 

8.2656 

.261684 

.034025 

27.2540 

1553.26 

1768.54 

2175. 

8.9335 

.263641 

.036806 

27.3501 

1546,99 

1765.79 

2200. 

9.6608 

.265267 

.039725 

27.4481 

1640,65 

1762.98 

2225. 

10.3888 

.266763 

.042783 

27.5482 

1534,20 

1760.09 

2250  . 

11.1789 

.26812/ 

.045978 

27.6501 

1527,64 

1757.10 

2275. 

12.0122 

.269360 

.049309 

27.7541 

1520.95 

1754.00 

2300. 

12.8903 

.2/0462 

.052774 

27.8601 

1514,10 

1750.76 

2325. 

13.8143 

.2/1435 

.056370 

27.9679 

1507,09 

1747.36 

2350  . 

14.7856 

.2/22/9 

.060094 

28.0778 

1499.88 

1743.78 

2375. 

15. 8^55 

.2/2995 

.063943 

28.1895 

1492.45 

1739.99 

2400  . 

16.8752 

.2/3586 

.067912 

28.3030 

1484,78 

1735.96 

2425. 

17.9961 

.2/4053 

.071997 

28.4104 

1476,04 

1731,68 

2450. 

19.1693 

.2/4399 

.076193 

20.5355 

1468,61 

1727.09 

2475. 

20 . 3962 

.2/462/ 

.080496 

20.6543 

1460,03 

1722.18 

2500. 

21.6779 

.2/4739 

.084098 

28.7746 

1451,09 

1716.89 

2525. 

23.0156 

.2/4738 

.089395 

28.8967 

1441,74 

1711.19 

2550. 

24 . 4105 

.274627 

.093980 

’9.0202 

1431.93 

1705.02 

2575. 

25.8638 

.2/4411 

.098647 

29.1450 

1421,62 

1698,34 
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t 

P 

'2 

.  VI  UO 

.1V3V00 

.003021 

25.5220 

Ikon. 

.  5l  00 

.1/64VJ 

.002178 

25.2602 

IkOO. 

.  *  0  0 

.1*1460 

.001128 

24,7602 

1  ft  0  0  . 

.*'00 

.101271 

,000344 

24.2226 

1  ft  n  ij . 

.  2'^U'’ 

.  054702 

.000049 

23.6372 

IftSft. 

l.tl.<27 

•  19601.15 

.  003493 

25.5904 

Iftjft. 

1 .  u^un 

.  19,552.5 

.003222 

25.5209 

Ift25. 

.8001 

. 16410J 

.001822 

25.0821 

Ift2ft. 

.  *''0^ 

.1.10910 

.000853 

24,6169 

1*25, 

. 09321/ 

.000283 

24.1191 

lft25. 

.2(0'' 

.  0500.58 

.000040 

23,5805 

ift5n. 

1 . 1'-d? 

.202039 

.004023 

25.6593 

iftsn. 

l.QM(J1 

.1806/2 

.002719 

25.3296 

Ift50. 

.8(100 

.152604 

.001527 

24.9198 

Ift5n , 

.*rQ0 

.121207 

.000710 

24.4868 

IftSO  . 

.ftf'QI 

. 0O588J 

.000233 

24.0257 

1*50. 

.2i'01 

.045841 

,000033 

23.5297 

1*79. 

1.-117* 

.205989 

.C04615 

25.7288 

Ift75. 

l.tCQO 

.168671 

,002296 

25,1545 

1«75. 

.hroo 

.14194/ 

.001281 

24.7717 

1*79. 

.  ftC  U  0 

.112288 

.000591 

24.3688 

1*75. 

.*'  00 

.0/9205 

.000193 

23.9414 

1*75, 

.2000 

.042059 

.000027 

23.4841 

170  J. 

1. 4(^18 

.209856 

.005274 

25.7989 

17  0  0. 

1  .  0  0  0  0 

.157484 

.001942 

24.9943 

1700. 

.8000 

.132083 

.001077 

24,6368 

1700  . 

.  fti-on 

.10409/ 

.000494 

24.2616 

1700  . 

.  4(iu0 

.0/3123 

.000160 

23.8652 

1700  . 

.  2001 

.  038648 

.000022 

23.4432 

17?5. 

1.6*20 

.213636 

.006005 

25.8697 

1725. 

1.0000 

.14/0/1 

.001645 

24.8476 

1725. 

.8*00 

.122962 

.000907 

24.5136 

1725  . 

.6000 

.0965/5 

,  000414 

24.1641 

1725. 

.  4i'01 

.06/582 

.000133 

23.7963 

1725. 

,2^00 

. 035568 

.000018 

23.4064 

1750  . 

1.8590 

, 21732/ 

.006813 

25.9412 

1750  . 

1. uroi 

.13/391 

.001395 

24.7134 

1750  . 

.8000 

.114532 

.  000766 

24,i012 

1750  . 

.61  O' 

.  089669 

.000347 

24.0755 

1750  . 

.  4  0  n  0 

. 062531 

.  000111 

23.7338 

175n. 

.2000 

,032/82 

.000015 

23.3732 

1775. 

2.0746 

.220924 

.007702 

26.0136 

1775  . 

2.0000 

.215620 

.007050 

25.9215 

1775. 

i.onon 

.128399 

.001186 

24.5904 

1775. 

.  8  ■'00 

.106/4/ 

.000648 

24,2985 

1775. 

.  6 !'  0  0 

.083329 

. 000292 

23.9948 

1775. 

.4000 

.057924 

.000093 

23.6772 

1775. 

.2000 

.  030260 

.000013 

23.3432 

1«00  , 

2.1081 

.22442/ 

.008679 

26,0869 

IflO". 

2.0000 

.203/53 

.006114 

25.7290 

1500  . 

1 . 0  r,  0  0 

.120052 

.001010 

24,4776 

1500  . 

,6000 

.099558 

.000549 

24.2046 
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P 

'2 

^4 

'•a 

i<(on . 

.6!  00 

.0/7307 

.0002*7 

23.9213 

1  fl  0  0  . 

.*'00 

.  1153719 

.000078 

23.6258 

1«00  . 

.  2 ' 0  0 

.0279/* 

.  000010 

23.3161 

2 . 50p5 

.227500 

.0097*7 

26 .1612 

2.000" 

.192509 

.005305 

25.5508 

l''2S. 

1 .  J '  U '' 

. 112310 

.  000861 

24.37*3 

I"?’. 

.«  Jf' 

. 092920 

.000*67 

2*. 1188 

l‘»2‘j. 

.51. 00 

.0/2160 

.  000209 

23,86*2 

lfl2->. 

,4!'un 

.0*95/9 

. OOOO66 

23.5790 

l'»2:>. 

.2'  01 

. 025898 

. C00009 

23.2916 

l»>5a. 

2.5357 

.231133 

.010913 

26.2366 

IflSO. 

2.0000 

.1815/5 

. 00*607 

25.3861 

l"Sn  . 

1 .  0  r  0 '' 

.105110 

.000736 

2*. 2795 

IMti  . 

.d  Ji 

. 186/93 

.000397 

2*. 0*02 

.^'■oo 

.0672*6 

. 000177 

23.7930 

Ifl-jr  . 

.  <1 "  0  0 

.0*636/ 

.000056 

23.536* 

. 

.2^00 

.  02*010 

. 000007 

23.2693 

J.l  '65 

.23*331 

.012181 

26,3132 

3.0100 

.22/75* 

.010956 

26.1875 

1H73, 

2.0000 

.1/1533 

.00*005 

25.2336 

l«7'j. 

1.0000 

.  096*/3 

,000631 

2*. 192* 

1**7‘5. 

.8"00 

.  15113* 

.000339 

23.9682 

7'5  , 

.6'0  ' 

.  062/29 

.000151 

23.7370 

l'»7<j. 

.*''00 

.0*3155 

, 0000*7 

23, *976 

1«75. 

.  2  [•  0  0 

.022292 

.000006 

23.2*90 

1400. 

3.*''85 

.237*22 

.013655 

26.3910 

190''. 

3.0''oi 

. 216697 

.  U'iy6*7 

25.99*3 

i«nn. 

2.0(01 

.16236* 

.003*85 

25.0924 

1901. 

l.OOuO 

.092301 

.0005*1 

2*. 112* 

1900. 

.5000 

.0/5908 

,000290 

23,9022 

1900  . 

.6"00 

.  05857* 

.000128 

23.6858 

1900  . 

.*'00 

.0*0212 

.0000*0 

23. *622 

1900  . 

.2''C0 

.020726 

.000005 

23,2306 

192'5. 

3.e''57 

.2*0*03 

.0150*0 

26.4/01 

192«>. 

3.  Onol 

.206103 

. 008*98 

25.81*6 

1925. 

2.or(ji 

.153**5 

.003037 

24.9618 

1925. 

l.oi  dO 

.0865/8 

.  0  00*65 

24.0388 

1925. 

.d'’01 

.1/1080 

.0002*9 

23.8416 

1925. 

.6'  01 

.05*7*9 

.000110 

23,6388 

1925, 

.*  JUO 

.03751* 

.00003* 

23.4299 

1925. 

.2'  01 

. 019295 

.  00000* 

23.2138 

1950  . 

*.1791 

.2*32/1 

.0166*1 

26.5507 

1950  . 

*.0(00 

. <36865 

.015023 

26.4160 

1951. 

3.0001 

. 195999 

.007*90 

25.6*73 

1950  . 

2.0''0'1 

.1*5052 

.0026*9 

24.8*08 

1950  . 

1  .  0  f'  0  0 

.081271 

. 000*01 

23.9711 

1950. 

.  d  ■'  0 1 

.  06661  7 

.00021* 

23.7659 

1950  . 

.051226 

.  U0009* 

23.5958 

1950  . 

.  4^Cn 

.035038 

.000029 

23.4003 

1950  . 

.2100 

. 017955 

.  00000* 

23.1985 

1975. 

*.5100 

.2*602* 

.018361 

26.6327 

1975  . 

*.0000 

.22635/ 

.013368 

26.2207 

1975. 

3.oroo 

.1863/9 

.  (.06607 

25.4917 

1975. 

2.0100 

. 137160 

.002314 

24,7286 

1975. 

1.0000 

.0/63*9 

.0003*7 

23.9087 

1975. 

.  9"00 

. 062*91 

,000184 

23.73*7 

1975. 

.6('00 

. 0*79/8 

.  000081 

23.5563 

1975. 

.*000 

. 032763 

.000025 

23.3731 

1975. 

.2'.’ 0  0 

.016/91 

.000003 

23,18*5 

2000  . 

5.0197 

. 2*5660 

.020205 

26.7163 
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MOLECULAR  COMPOSITION  OF  SODIUM  VAPOR  (cont’d.) 


t 

P 

■'2 

^4 

2  r,  n  "  ^ 

S.O'OO 

. 246360 

.020116 

26 . 7099 

5  . 0  r  00 

. 216310 

.011899 

26 . 0383 

anoo. 

3. of  CO 

.177232 

.  (.05832 

25 . 3466 

2Pu:'. 

2  .  0  0  0  0 

. 129743 

.002024 

24.6246 

1  .  0  '■  0  0 

.0/1782 

.C00300 

23.8512 

.  (?^Co 

. 0566/2 

.000159 

23.6875 

.  frOO' 

. 044982 

.000070 

23.5200 

2  n  0  LI . 

.  4  '  U 

. U306/1 

.C0U021 

23.346? 

2  fi  [)  r, . 

.2'  00 

. 015694 

.000003 

23.171/ 

2C2^. 

5.4>94 

. 2511/5 

.022176 

26,8015 

2''25. 

5.  (jt  00 

. 2382/9 

.018043 

26.5065 

2!:i2^. 

4  .  0  0  C  0 

.206641 

.010594 

25.868(J 

2^25. 

3  .  0  f  0  0 

. 168548 

. 005152 

25.2119 

2fi2S. 

2 . 0 1  0  0 

.1227/7 

.001773 

24 . 5282 

2^2*5. 

1  .  1' ''  0  0 

. 067542 

.  (jn(/260 

23.7961 

2''2“'. 

,  tt ''  u  '1 

. 05513/ 

. 000138 

23.6441 

2r25. 

.  6  ^  ly  ■' 

. 042215 

. 000060 

23 . 4866 

2r’2‘). 

.4,00 

.028745 

.000018 

23,3254 

2n25. 

.2''01 

. 01468/ 

.000002 

23,1599 

20511. 

5. V»05 

.253568 

. 024277 

26.8864 

2C50. 

5.0*00 

.228505 

.016185 

26,3159 

205C, 

4.(000 

.1973/7 

.009438 

25.7090 

2'’5P. 

3.0(01 

.160311 

.004556 

25.0863 

2''DC  , 

2.0000 

.116235 

.001556 

24.4386 

2''50. 

1 . 0  c  in 

. 063605 

.000226 

23.7491 

2050. 

.4)0  00 

. 051862 

.  000120 

23.6040 

2050  . 

.000" 

.039659 

.  000052 

23.4558 

2050  . 

.  4  f  0  0 

.026969 

.000018 

23.3043 

2050  . 

.  200" 

.013761 

.000002 

23.1491 

2075. 

6 . 4H45 

.255838 

. 026510 

26.9770 

2075. 

5  .  C  0  0  0 

.2448/1 

. 022245 

26.7050 

2'/5. 

5.0000 

.2190/0 

.014521 

26.13/4 

2075  , 

4 . 0  0, 0  0 

.188518 

.008413 

25.5604 

2075. 

3. O'  0" 

.152505 

.004034 

24,9693 

2075. 

2 . 0  0  0  0 

.110094 

.  01)1367 

24,3555 

2075  . 

1 0 "  0  0 

.059946 

.000197 

23.7038 

2075. 

.  e'  on 

.048625 

.000104 

23.5670 

2"75, 

.  6'  oo 

. 037295 

.000045 

.,3.4275 

2075. 

.400" 

.025332 

.  000014 

23.2850 

2075. 

,2(00 

.012910 

.  000002 

23.1392 

2J  00. 

7.0424 

. 257981 

.028878 

27.0675 

2t00. 

7. 0"00 

.257143 

.  028494 

27.0450 

2100, 

6.0000 

.235506 

.020082 

28.5108 

2100, 

5.0000 

. 209980 

.013033 

25.9703 

2100. 

4. oroo 

.18005/ 

.007504 

25.4215 

2100. 

3  ,  ?  ^1 0 

.145113 

.003575 

24,8602 

2100. 

2.0(00 

.104330 

.  001203 

24.2782 

21  00. 

1 .  or  0" 

. 056545 

.000172 

23.6618 

2100. 

.  8000 

. 046008 

.000091 

23.532/ 

2100. 

.  6"00 

.035106 

.000039 

23.4013 

2100. 

.  4C0n 

. 023819 

.000012 

23.2671 

2100. 

.  2000 

.012125 

.000002 

23.1301 

2125. 

7.6356 

.25999/ 

. 031383 

27.1598 

2125. 

7.000" 

.247992 

.025865 

26.8383 

2125. 

6.0000 

.226426 

. 018131 

26.3285 

2125. 

6. oroo 

.201239 

.011701 

25.8137 

2125. 

4.0000 

.1/1984 

.006699 

25.2918 

2125, 

3.0000 

.13811/ 

.003172 

24.7585 

2125. 

2.0003 

.098919 

.001060 

24.2063 

2125. 

1 . 0000 

. 053381 

.  000151 

23.6230 
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1 

P 

'2 

.H'-OO 

. 0433V3 

.  J000  79 

23.5011 

Kl 

.6000 

. 0330  78 

. 30G034 

23.3770 

21?*'. 

.5000 

. U22420 

.000010 

23.2506 

.2000 

.011401 

.000001 

23.1216 

215t;. 

a.2o5« 

.261BB4 

.034025 

27.2540 

2l5n. 

6.ui;uo 

.25746/ 

.031601 

27,1264 

2 1  5  .1  . 

7.0000 

.23906/ 

.023475 

26.6437 

215'' . 

6 . 0  L  0  0 

.21763V 

.01637? 

26.1574 

2i5n. 

5  .  Q 1  0  0 

. 1V2B45 

.010511 

25.6670 

2150. 

4 .  (;  I'l  Ci  0 

. 1642V1 

.005985 

25.1704 

21  50. 

3.01  00 

.131500 

.002818 

24,6635 

2150  . 

2.0000 

. 0V3h4u 

. 0U09S6 

24,1394 

2150  . 

l.OOflo 

.050436 

.000132 

23.5870 

2150. 

.ft'oo 

.040962 

.000069 

23.4718 

2150  . 

.  6 0  0 

.0311V/ 

.000030 

23.3546 

2150. 

.  4  0  0  n 

.021125 

,000009 

23.2354 

2150  . 

.2'  QO 

.010732 

.000001 

23 .1138 

2'  75  . 

H.7  135 

.263641 

. u36806 

27.3501 

2175. 

0 . 0  0  0  0 

.2*8782 

.028890 

26.9220 

21  75. 

7.0^00 

.230383 

.021306 

26,4607 

2175. 

6 . 0  r  0  0 

.209153 

.014788 

25.9968 

2175. 

5.0000 

.184/V6 

.009447 

25.5296 

21  75. 

4.0-00 

. 156966 

.005352 

25.0569 

2175. 

3 . 0  r  0  0 

.1252*2 

.002506 

24,5749 

21  75. 

2.0O01 

. 089072 

.000828 

24.0770 

2175. 

1 . 0  0  0  0 

.047693 

.000116 

23.5535 

21  75. 

.eoco 

,038703 

.000061 

23.4446 

2175. 

.  6000 

.029451 

,000026 

23.3339 

2175. 

.4000 

.019925 

.000008 

23.2213 

2175. 

.2000 

.010113 

.  000001 

23.1067 

2200. 

V.6<!0ft 

.265267 

.039725 

27.4481 

2200. 

9.0000 

.256221 

.034246 

27.1681 

2200  . 

0.0000 

.2402VD 

.026340 

26.7292 

2200. 

7.0000 

.221952 

.019340 

26.2885 

2200  . 

6 . 0  r  0  0 

.2009/1 

.013362 

25.8460 

220'i . 

5 . 0  fi  0  0 

.l/70t / 

.008497 

25.4007 

2200  . 

♦  •uruo 

.149997 

.  004  90 

24.9507 

2  2  0  0. 

3 . 0  ('  n  0 

.119328 

.002232 

24.4921 

2  2  0  0. 

2.0000 

.084595 

.  000733 

24.0190 

2200. 

l.OCOO 

.  045136 

.000102 

23.5225 

2200  . 

.0000 

.036600 

.000054 

23.4193 

2200  . 

.  6 '  0  0 

.  02  7  829 

.000023 

23.3146 

2200  . 

.  4  r  0  0 

.  018812 

.000007 

23.2082 

2200  . 

.2^00 

.009540 

.000001 

23.1000 

2225. 

io.3HeM 

.266/63 

.0*2783 

27.5482 

2225. 

lo.oroo 

.2618/5 

.039453 

27.3860 

2225. 

9.000" 

.2479/4 

.031351 

26.9675 

2225. 

e.oooo 

.23200/ 

.024015 

26.5476 

2225. 

7.0000 

.213782 

.01/558 

26.1266 

2225. 

6 . 1) "  U  0 

.193094 

.012080 

25.7044 

2225. 

5.0CUO 

.  16V712 

.00/648 

25.2800 

2225. 

4 ,  unofl 

.143369 

.004292 

24.8512 

2225. 

3.000" 

.11373/ 

.001990 

24,4147 

2225. 

2 . 0  C  0  0 

.  080391 

.000651 

23.9646 

2225. 

1 . 0  fi  0  0 

.  042750 

.000090 

23.4936 

2225. 

.Bt  OO 

,  034641 

.000047 

23.3959 

2225. 

.60(10 

. 026320 

.000020 

23.2967 

2225. 

,  4000 

.  U 1  7  7  /  V 

.000006 

23.1961 

2225. 

.2000 

.009009 

.000001 

23.0938 

2250. 

11.1789 

.268127 

.0*5978 

27.6501 
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t 

P 

*2 

»4 

2550. 

31.0cm 

.266118 

.  044452 

27,5/89 

2250. 

10.0000 

.253899 

.  036252 

27.1792 

2250  . 

9. 0000 

.239895 

.  028697 

26,7781 

2250. 

B.  oron 

.223945 

.  021896 

26.3764 

2250  . 

7.0000 

.205880 

.015946 

25,9742 

2250  . 

6.0000 

.185520 

.010926 

25.5713 

2250  . 

5.0000 

.162661 

.006889 

25.1666 

2250. 

4.0000 

.1370/0 

.003850 

24.7581 

2250 . 

3,  oneo 

.108455 

.001777 

24,3423 

2250  . 

2.0000 

.0/6441 

. 000578 

23.9142 

2250. 

1.  onon 

.040524 

. 000080 

23.4667 

2250. 

.aooo 

.032815 

. 000042 

23.3740 

2250. 

.6000 

.024916 

.000018 

23, .'>801 

2250  , 

.4000 

.016819 

.000009 

23,1849 

2250  , 

.  2000 

.008516 
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